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(54) Optical multi/demultiplexing circuit equipped with phase generating device

(57)  An optical multiidemultiplexing circuit that is ar-
ranged to multi/ldemultiplex a plurality of optical signals
in a whole passband, the whole passband being config-
ured with a plurality of passbands, the optical multi/de-
multiplexing circuit comprising: at least two optical multi/
demultiplexing devices (111,112), wherein a first one in-
cludes at least one input section and at least two output
sections and a second one includes at least two input
sections and a plurality of output sections, and at least
one optical delay line device (107) interposed between
said optical multi/demultiplexing devices; characterized
in that at least one of said optical multi/demultiplexing
devices includes a phase generating device; wherein

said phase generating device is arranged to generate an
optical frequency-dependent phase defined as a phase
difference between two optical signals output from two
of said plurality of output sections of the optical multi/
demultiplexing device, wherein one or more phase gen-
erating device is arranged to generate a resulting optical
frequency dependent phase ® which provides a quad-
ratic or higher order polynomial optical frequency de-
pendency or an optical frequency dependency according
to a Gaussian function, and which sets an optical fre-
quency period between said passbands and a center fre-
quency of said whole passband at desired values inde-
pendently.
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Description

[0001] The present invention relates to an optical multi/demultiplexing circuit used in an optical communication field,
and particularly to an optical multi/ldemultiplexing circuit used for wavelength division multiplexing.

[0002] With the recent development of dense wavelength division multiplexing (DWDM) systems, optical devices with
a variety of functions which are essential for the WDM systems have been developed such as wavelength multi/demul-
tiplexers, optical filters and optical switches.

[0003] As examples of the optical devices, the following devices are reported: an arrayed waveguide grating and
lattice-form filter (see, for example, M. Oguma et al. , "Passband-width broadening design for WDM filter with lattice-
form interleave filter and arrayed-waveguide gratings" , IEEE Photonics Technology Letters 2002, Vol. 14, pp. 328-330);
an asymmetric Mach-Zehnder interferometer (see, for example, De Merlier et al., "All-optical 2R regeneration based on
integrated asymmetric Mach-Zehnder interferometer incorporating MMI-SOA", Electronics Letters 2002, Vol. 38, pp.
238-239); a symmetric Mach-Zehnder interferometer (see, for example, Y. Hashizume et al., "Integrated polarization
beam splitter using waveguide birefringence dependence on waveguide core width", Electronics Letters 2001, Vol. 37,
pp. 1517-1518); a cascaded Mach-Zehnder interferometer (see, for example, K. Suzuki et al., "PLC-based dynamic gain
equalizer consisting of integrated Mach-Zehnder interferometers with C- and L-band equalizing range", Electronics
Letters 2002, Vol. 38, pp. 1030-1031); and a transversal-form filter (see, for example, T. Mizuno et al., "Dispersionless
interleave filter based on transversal form optical filter" Electronics Letters 2002, Vol. 38, pp. 1121-1122).

[0004] Recently, the demand for optical devices for CWDM (Coarse Wavelength Division Multiplexing) systems used
particularly in metro-network have increased remarkably (see, for example, R. R. Patel et al., "Multi-mode fiber coarse
WDM grating router using broadband add/drop filters for wavelength re-use" LEOS’99 12th Annual Meeting Vol. 2, pp.
826-827).

[0005] The wavelength grid of such a CWDM system has a uniform wavelength period of 20 nm. Accordingly, the
optical devices for the CWDM system must be designed to have the passband with uniform wavelength period.
[0006] However, since the transmittance spectra of the conventional optical multi/demultiplexing circuits such as Mach-
Zehnder interferometers have a uniform frequency period, its wavelength characteristics do not become periodic on a
uniform wavelength axis. Consequently, they are not applicable to the CWDM systems because of their variations in an
insertion loss, passband width and extinction ratio depending on the wavelength grid.

[0007] Fig. 1 shows a conventional Mach-Zehnder interferometer as a concrete example. The Mach- Zehnder inter-
ferometer consists of two optical couplers 905 and 906, an optical delay line section 907 between the two optical couplers,
and two input/output optical waveguides connected to the optical couplers 905 and 906 (see, for example, K. Okamoto,
"Fundamentals of optical waveguides" Academic Press 2000, pp. 159-161). As the optical couplers 905 and 906, direc-
tional couplers are used whose power coupling ratio is set at 50%.

[0008] The Mach-Zehnder interferometer is a multi/demultiplexing circuit with uniform frequency period as will be
described below. The two optical output powers of the Mach-Zehnder interferometer are given by the following expres-
sions.

7 =l s’ @) 1)

IB[2 = [A0[2 cosz(E/Z) (2)

where Ay is the intensity of light input to one of the input ports, and & is the phase given by the optical delay line.
[0009] Using the relationship of f = c/A, & is given by the following expression.

§ - - g (3)
A c

where n is a refractive index, AL is a path length difference, f is a frequency, c is the speed of light, A is the wavelength,
and m is an integer.
[0010] The frequency period are given by the following expression using the foregoing expression (3) considering that
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the squares of cosine and sine functions have a period .

A =f. - f., =—2—];i2—i=const. (4)

Thus, the frequency period become constant, which means that the Mach-Zehnder interferometer constitutes a multi/
demultiplexing circuit with uniform frequency period.

[0011] Fig. 2 illustrates transmission characteristics when the central wavelength of the Mach-Zehnder interferometer
is set at 1470 nm, and the optical path length difference through the optical delay line section is set at 55.9 um that gives
the frequency period of 20 nm as the demultiplexing period between the through port and cross port near the central
wavelength. In Fig. 2, the horizontal axis represents wavelength, on which the wavelength grid is arranged at uniform
period; the solid lines represents the transmission characteristics of the optical signal output from the cross port; and
the broken lines represents the transmission characteristics of the optical signal output from the through port.

[0012] Fig. 3 illustrates transmission characteristics when the horizontal axis represents the optical frequency for
comparison purposes. As illustrated in Fig. 3, the Mach-Zehnder interferometer has transmission characteristics with
uniform frequency period rather than with uniform wavelength period. Although the demultiplexing periods of the through
port and cross port are 20 nm near 1470 nm, and hence agree with the wavelength grid, the wavelength periods increase
as they move from 1470 nm toward a longer wavelength side, thereby departing from the wavelength grid clearly.
Therefore these optical devices are inappropriate for use in the CWDM system because their insertion loss, passband
width and extinction ratio vary greatly depending on the wavelength grid.

[0013] In other words, since the interferometers with the conventional configurations such as the Mach-Zehnder
interferometer do not have a uniform wavelength period, they present a problem in that their passband deviates from
the grid on the wavelength axis as the passband departs from the central wavelength, and that the insertion losses vary
remarkably depending on the wavelength.

[0014] As another example, a conventional optical multi/demultiplexing circuit has a uniform period in the optical
frequency domain, and its transmission characteristics are characterized by the optical frequency period and the central
optical frequency. The conventional optical multi/demultiplexing circuit, however, has only one design parameter that
can be set freely in connection with the optical frequency period and central optical frequency: that is, the optical path
length difference of the optical delay line. Therefore, the optical frequency period and the center optical frequency could
not be set simultaneously.

[0015] Therefore the optical multi/demultiplexing circuit, which has the uniform frequency period in principle, cannot
set the optical frequency period and the central optical frequency at the same time, thereby offering a problem of
deteriorating the transmission characteristics even when it is used in the optical frequency domain.

[0016] The inventors have reached an idea that the foregoing problems can be solved by providing a path length
difference corresponding to the amount of deviation from each wavelength grid, to adjust the center of passbands to the
wavelength grid. To achieve this, we focused our attention to the fact that although an optical delay line usually implements
the path length difference, it can also be implemented by utilizing a phase difference of optical signals output from an
optical coupler. For example, if we suppose that there is a phase difference of 2x when optical signals are output from
a certain optical coupler, it will correspond to a path length difference of one wavelength. Therefore, if an optical coupler,
whose output phase difference has wavelength dependence, can be devised, a path length difference corresponding
to the amount of deviation from the wavelength grid can be provided to the optical delay line.

[0017] The conventional optical coupler such as a directional coupler and multimode interferometer used in the con-
ventional technique, however, cannot provide a path length difference AL with wavelength dependence. This is because
the phase difference of the optical signals output from its outputs is constant, thereby being unable to cause any phase
difference depending on the wavelength.

[0018] Therefore an object of the present invention is to provide an optical multi/demultiplexing circuit with uniform
wavelength period whose center of passbands agrees with the grid on the wavelength axis. The invention is accomplished
by implementing an optical coupler, whose output phase difference has wavelength (frequency) dependence. The optical
coupler has a phase generating function, which provides a phase corresponding to wavelength (frequency) in the pass-
bands of the optical multi/demultiplexing circuit.

[0019] Another object of the present invention is to provide an optical multi/demultiplexing circuit capable of setting
the optical frequency period and the center optical frequency at any desired values by installing a phase generating
device, to provide an optical multi/demultiplexing circuit with frequency dependent phase.

[0020] To solve the foregoing problems, according to a first aspect of the presentinvention, there is provided an optical
multi/demultiplexing circuit with a phase generating function comprising: an optical multi/demultiplexing device including
at least one input section and a plurality of output sections; an optical delay line device connected to the optical multi/
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demultiplexing device; and at least one phase generating device, wherein the phase generating device generates a
phase corresponding to a wavelength or frequency of light in a passband of the optical multi/demultiplexing circuit.
[0021] The phase generating device may be installed in the optical multi/demultiplexing device, or in the optical delay
line device.

[0022] The phase generated by the phase generating device may preferably be given by a function of a wavelength
(A) of light in a transmission wavelength band of the optical multi/demultiplexing circuit or by a function of an angular
frequency (w) of light in a transmission optical frequency band, wherein the functions are a polynomial consisting of a
quadratic or higher order function.

[0023] The phase generating device may preferably comprise an optical coupler and an optical delay line connected
with each other.

[0024] An amplitude coupling ratio 6 of the optical coupler and an optical path length difference 61 of the optical delay
line in the phase generating device, and an optical path length difference 6L provided to the optical delay line device in
the optical multi/demultiplexing circuit may preferably be each optimized such that the phase generating device generates
the phase ¢ equal to a correct phase v, and functions as an optical coupler with an amplitude coupling ratio ©.

[0025] The phase generating device may preferably comprise (M + 1) optical couplers, and M optical delay lines
interposed between adjacent two of the optical couplers, where M is an integer equal to or greater than two.

[0026] The optical multi/demultiplexing circuit may preferably consist of an optical interferometer comprising (N + 1)
optical multi/demultiplexing devices, and N optical delay line devices interposed between adjacent two of the optical
multi/demultiplexing devices, where N is an integer equal to or greater than one.

[0027] The optical multi/ldemultiplexing circuit may preferably consist of a Mach-Zehnder interferometer including two
of the optical multi/demultiplexing devices, the optical delay line device interposed between the two optical multi/demul-
tiplexing devices, at least one input waveguide connected to one of the optical multi/demultiplexing devices, and a
plurality of output waveguides connected to the other of the optical multi/demultiplexing devices, wherein the two optical
multi/demultiplexing devices are disposed in left-right symmetry with respect to a middle line of the Mach-Zehnder
interferometer; the two optical multi’/demultiplexing devices are a phase generating optical coupler, which functions as
a phase generating device; and the phase generating optical coupler includes four optical couplers, and three optical
delay lines each interposed between adjacent two of the optical couplers.

[0028] The optical multi/demultiplexing circuit may preferably consist of a Mach-Zehnder interferometer including two
of the optical multi/demultiplexing devices, the optical delay line device interposed between the two optical multi/demul-
tiplexing devices, at least one input waveguide connected to one of the optical multi/demultiplexing devices, and a
plurality of output waveguides connected to the other of the optical multi/demultiplexing devices, wherein one of the two
optical multi/demultiplexing devices is a phase generating optical coupler, which functions as a phase generating device;
and the phase generating optical coupler includes (M + 1) optical couplers, and M optical delay lines each interposed
between adjacent two of the optical couplers, where M is an integer equal to or greater than two.

[0029] The optical multi/demultiplexing circuit may preferably consist of a lattice-form filter including first to third, three,
optical multi/demultiplexing devices, two optical delay line devices each interposed between adjacent two of the three
optical multi/demultiplexing devices, at least one input waveguide connected to the first optical multi/demultiplexing
device, and at least one output waveguide connected to the third optical multi/demultiplexing device, wherein the first
and third optical multi/demultiplexing devices are a phase generating optical coupler, which functions as a phase gen-
erating device; and the phase generating optical coupler includes (M + 1) optical couplers, and M optical delay lines
each interposed between adjacent two of the optical couplers, where M is an integer equal to or greater than two.
[0030] The optical multi/demultiplexing circuit may consist of a transversal-form filter.

[0031] The optical multi/demultiplexing circuit may preferably configured such that a plurality of output light waves
output from the optical multi/demultiplexing circuit are launched into or emitted from at least one of a first slab waveguide
and second slab waveguide included in an arrayed waveguide grating which includes array waveguides having their
first ends connected to the first slab waveguide and their second ends connected to the second slab waveguide, and
that the first slab waveguide includes at least one input waveguide and the second slab waveguide includes at least one
output waveguide.

[0032] The optical multi/demultiplexing circuit may preferably comprise two of the optical multi/demultiplexing devices,
and the optical delay line device may comprise two optical delay lines disposed between the optical multi/demultiplexing
devices, wherein one of the two optical multi/demultiplexing devices is connected to at least one of the input waveguides,
and the other of the two optical multi/demultiplexing devices is connected to the first slab waveguide of the arrayed
waveguide grating.

[0033] According to a second aspect of the present invention, there is provided an optical multi/demultiplexing circuit
comprising a first optical multi/demultiplexing circuit as described above, and at least one second optical multi/demulti-
plexing circuit as described above, the second optical multi/demultiplexing circuit being connected to at least one of
outputs of the first optical multi/demultiplexing circuit.

[0034] The optical delay line may preferably comprise a path length difference adjusting device, or undergoes path
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length adjustment.

[0035] The optical delay line may preferably comprise a birefringent adjustment device, or undergoes birefringent
adjustment.

[0036] The optical multi/demultiplexing circuit may be composed of silica-based glass optical waveguides.

[0037] According to a third aspect of the present invention, there is provided an optical multi/demultiplexing circuit
module comprising an optical multi/demultiplexing circuit as described above installed in a casing, and having optical
fibers held by the casing for carrying out the input and output of an optical signal to and from the optical multi/demultiplexing
circuit.

[0038] Using the optical multi/ldemultiplexer equipped with phase generating device in accordance with the present
invention can implement the uniform period transmission characteristics even on the wavelength axis, thereby being
able to provide an optical device applicable to optical communication systems with uniform wavelength period.

[0039] In addition, using the phase generating device in accordance with the present invention makes it possible to
exert an effect of the phase with the optical frequency dependence on the optical multi/demultiplexing circuit, thereby
being able to provide the optical multi/demultiplexing circuit capable of setting the optical frequency period and central
optical frequency simultaneously at any desired values.

[0040] The above and other objects, effects, features and advantages of the present invention will become more
apparent from the following description of embodiments thereof taken in conjunction with the accompanying drawings.

Fig. 1 is a diagram showing a configuration of a conventional Mach-Zehnder interferometer;

Fig. 2 is a graph illustrating transmission characteristics of the conventional Mach-Zehnder interferometer, in which
the horizontal axis represents the wavelength;

Fig. 3 is a graph illustrating transmission characteristics of the conventional Mach-Zehnder interferometer, in which
the horizontal axis represents the relative optical frequency;

Fig. 4 is a diagram showing a configuration of a first embodiment of the optical multi/demultiplexing circuit in ac-
cordance with the present invention;

Fig. 5 is a graph illustrating relationships between the wavelength and frequency;

Fig. 6 is a graph illustrating relationships between the wavelength and frequency;

Fig. 7 is a diagram showing a configuration of a Mach-Zehnder interferometer in which a linear section of deviation
between the wavelength and frequency is corrected;

Fig. 8 is a graph illustrating the wavelength dependence of the transmission characteristics of the Mach-Zehnder
interferometer in which the linear section of the deviation between the wavelength and frequency is corrected;
Fig. 9is a graphillustrating the wavelength dependence of the amount of phase necessary for correcting the nonlinear
section of the deviation between the wavelength and frequency;

Fig. 10 is a diagram showing a configuration of a phase generating optical coupler having phase characteristics
with wavelength dependence;

Fig. 11 is a diagram showing a state in which the phase generating optical coupler is configured such that it has
left-right symmetry with respect to the middle line (broken line of Fig. 11) of an optical delay line;

Fig. 12A is a graph illustrating the wavelength dependence of the phase difference between the optical signals
output from the two output ports of the phase generating optical coupler;

Fig. 12B is a graph illustrating the wavelength dependence of the power coupling ratio of the optical signals output
from the output ports of the phase generating optical coupler;

Fig. 13 is a graph illustrating the wavelength dependence of the transmission characteristics of the first embodiment
of the uniform wavelength period Mach-Zehnder interferometer in accordance with the present invention;

Fig. 14 is a diagram showing a configuration of a second embodiment of the optical multi/demultiplexing circuit in
accordance with the present invention;

Fig. 15 is a diagram showing a configuration of a phase generating optical coupler with a path length difference
adjusting device formed on the optical delay lines;

Fig. 16 is a diagram showing another configuration of the second embodiment of the optical multi/demultiplexing
circuit in accordance with the present invention;

Fig. 17 is a diagram showing still another configuration of the second embodiment of the optical multi/demultiplexing
circuit in accordance with the present invention;

Fig. 18 is a cross-sectional view showing an optical multi/demultiplexing circuit including a path length difference
adjusting device;

Fig. 19 is a diagram showing a configuration of a third embodiment of the optical multi/demultiplexing circuit in
accordance with the present invention;

Fig. 20 is a graph illustrating the wavelength dependence of the transmission characteristics of the third embodiment
of the optical multi/demultiplexing circuit in accordance with the present invention;

Fig. 21 is a diagram showing another configuration of the third embodiment of the optical multi/demultiplexing circuit
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in accordance with the present invention;

Fig. 22 is a diagram showing a configuration of a fourth embodiment of the optical multi/demultiplexing circuit in
accordance with the present invention;

Fig. 23 is a diagram showing another configuration of the fourth embodiment of the optical multi/demultiplexing
circuit in accordance with the present invention;

Fig. 24 is a diagram showing still another configuration of the fourth embodiment of the optical multildemultiplexing
circuit in accordance with the present invention;

Fig. 25is a graphillustrating the wavelength dependence of the transmission characteristics of the fourth embodiment
of the optical multi/demultiplexing circuit in accordance with the present invention;

Fig. 26 is a diagram showing a configuration of a fifth embodiment of the optical multi/demultiplexing circuit in
accordance with the present invention;

Fig. 27 is a diagram showing another configuration of the fifth embodiment of the optical multi/ldemultiplexing circuit
in accordance with the present invention;

FIG. 28 is a diagram showing the configuration of an optical multi/demultiplexing circuit in a sixth embodiment of
the present invention;

FIG. 29 is a diagram showing the configuration of a Mach-Zehnder interferometer which is an example of the optical
multi/demultiplexing circuit in the sixth embodiment of the present invention;

FIG. 30A is a diagram showing the relative wavelength dependences of the phase difference output from phase
generating optical couplers and a target phase;

FIG. 30B is a diagram showing the relative wavelength dependence of the amplitude coupling ratio when the phase
generating optical couplers are used as optical couplers;

FIG. 31 is a diagram schematically showing the uniform-wavelength-period Mach-Zehnder interferometer in the
sixth embodiment of the present invention;

FIG. 32 is a diagram showing the wavelength dependence of the transmission characteristics of the uniform-wave-
length-period Mach-Zehnder interferometer in the sixth embodiment of the present invention;

FIG. 33 is a diagram showing the amount of axial deviation from a CWDM grid of the center point of the passband
in the transmission characteristics of the uniform-wavelength-period Mach-Zehnder interferometer in the sixth em-
bodiment of the present invention;

FIG. 34 is adiagram showing the loss onthe CWDM grid in the transmission characteristics of the uniform-wavelength-
period Mach-Zehnder interferometer in the sixth embodiment of the present invention;

FIG. 35 is a diagram showing the crosstalk on the CWDM grid in the transmission characteristics of the uniform-
wavelength-period Mach-Zehnder interferometer in the sixth embodiment of the present invention;

FIG. 36 is a diagram showing the configuration of a lattice-form filter which is an example of a multi/demultiplexing
circuit in a seventh embodiment of the present invention;

FIG. 37A is a diagram showing the relative wavelength dependences of the phase difference output from phase
generating optical couplers and a target phase;

FIG. 37B is a diagram showing the relative wavelength dependence of the amplitude coupling ratio when the phase
generating optical couplers are used as optical couplers;

FIG. 38 is a diagram schematically showing the uniform-wavelength-period lattice-form-filter-type wavelength ref-
erence device in a seventh embodiment of the present invention;

FIG. 39A is a diagram showing the wavelength dependence of the transmission characteristics of a conventional
lattice-filter-type wavelength reference device;

FIG. 39B is a diagram showing the wavelength dependence of the transmission characteristics of the uniform-
wavelength-period lattice-filter-type wavelength reference device in the seventh embodiment of the presentinvention;
FIG. 40 is a diagram showing the amount of axial deviation from a CWDM grid of the center point of the passband
in the transmission characteristics of the uniform-wavelength-period lattice-filter-type wavelength reference device
in the seventh embodiment of the present invention;

FIG. 41 isadiagram showing the loss on the CWDM grid in the transmission characteristics of the uniform-wavelength-
period lattice-filter-type wavelength reference device in the eighth embodiment of the present invention;

FIG. 42 is a diagram schematically showing a uniform-wavelength-period interleave filter in an eighth embodiment
of the present invention;

FIG. 43A is a diagram schematically showing a six-stage lattice-form-filter-type phase generating optical coupler
used in the uniform-wavelength-period interleave filter in the eighth embodiment of the present invention;

FIG. 43B is a diagram schematically showing a directional coupler used in the uniform-wavelength-period interleave
filter in the eighth embodiment of the present invention;

FIG. 43C is a diagram schematically showing a ten-stage lattice-form-filter-type phase generating optical coupler
used in the uniform-wavelength-period interleave filter in the eighth embodiment of the present invention;

FIG. 44A is a diagram showing the relative dependence of the target phase and the phase acting on the first optical
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delay line that is generated by the adjacent couplers;

FIG. 44B is a diagram showing the relative wavelength dependence of the amplitude coupling ratio when the phase
generating optical coupler is used as an optical coupler;

FIG. 45A is a diagram showing the relative wavelength dependence of the target phase and the phase acting on
the second optical delay line that is generated by the adjacent couplers;

FIG. 45B is a diagram showing the relative wavelength dependence of the amplitude coupling ratio when the phase
generating optical coupler is used as an optical coupler;

FIG. 46 is a diagram showing the relative wavelength dependence of the transmission characteristics of the uniform-
wavelength-period interleave filter in the eighth embodiment of the present invention;

FIG. 47 is a diagram schematically showing a cascaded optical multi/demultiplexing circuit in the eighth embodiment
of the present invention;

FIG. 48A is a diagram showing the amount of axial deviation from an optical frequency grid of the center position
of the passband in the transmission characteristics of a conventional Mach-Zehnder interferometer when an optical
frequency period is set;

FIG. 48B is a diagram showing the amount of axial deviation from the optical frequency grid of the center position
of the passband in the transmission characteristics of the conventional Mach-Zehnder interferometer when a center
optical frequency is set;

FIG. 49 is a diagram showing the amount of axial deviation from the optical frequency grid of the center position of
the passband in the transmission characteristics of a Mach-Zehnder interferometer of the present invention in a
ninth embodiment of the present invention;

FIG. 50A a diagram showing the relative frequency dependences of the phase difference output from the phase
generating optical couplers and the target phase;

FIG. 50B is a diagram showing the relative frequency dependence of a nonlinear portion of the phase difference
output from the phase generating optical couplers and the target phase;

FIG. 51 is a diagram showing the relative frequency dependence of the amplitude coupling angle when the phase
generating optical couplers are used as optical couplers;

FIG. 52 is a diagram schematically showing the Mach-Zehnder interferometer in which the optical frequency period
and the center optical frequency are set in the ninth embodiment of the present invention;

FIG. 53 is a diagram schematically showing the Mach-Zehnder interferometer in which the optical frequency period
and the center optical frequency are set in the ninth embodiment of the present invention;

FIG. 54 is a diagram showing the amount of axial deviation from the optical frequency grid of the center position of
the passband in the transmission characteristics of the Mach-Zehnder interferometer of the present invention in the
ninth embodiment of the present invention;

FIG. 55 is a diagram showing the amount of axial deviation from the optical frequency grid of the center position of
the passband in the transmission characteristics of the Mach-Zehnder interferometer of the present invention in the
ninth embodiment of the present invention;

FIG. 56 is a diagram showing the configuration of a phase generating device in a tenth embodiment of the present
invention;

FIG. 57 is a diagram showing the configuration of a phase generating device in a first modification of the tenth
embodiment of the present invention;

FIG. 58 is a diagram schematically showing the multi/demultiplexing circuit in the first modification of the tenth
embodiment of the present invention;

FIG. 59 is a diagram showing the configuration of a phase generating device in a second modification of the tenth
embodiment of the present invention;

FIG. 60 is a diagram showing the configuration of a phase generating device in the second modification of the tenth
embodiment of the present invention;

FIG. 61 is a diagram showing the configuration of a multi/demultiplexing circuit in an eleventh embodiment of the
present invention;

FIG. 62 is a diagram showing the configuration of a multi/demultiplexing circuit in the eleventh embodiment of the
present invention;

FIG. 63 is a diagram schematically showing the a multi/demultiplexing circuit in the eleventh embodiment of the
present invention;

FIG. 64 is adiagram schematically showing the multi/demultiplexing circuit in the eleventh embodiment of the present
invention;

FIG. 65 is a diagram schematically showing the multi/demultiplexing circuit in a twelfth embodiment of the present
invention;

FIG. 66 is a diagram showing the configuration of a multi/demultiplexing circuit in a thirteenth embodiment of the
present invention;
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FIG. 67 is a diagram schematically showing the multi/demultiplexing circuit in the thirteenth embodiment of the
present invention;

FIG. 68 is a diagram showing the configuration of a multi/demultiplexing circuit in a modification of the thirteenth
embodiment of the present invention;

FIG. 69 is a diagram schematically showing the multi/demultiplexing circuit in the modification of the thirteenth
embodiment of the present invention;

FIG. 70 is a diagram schematically showing the multi/demultiplexing circuit in the modification of the thirteenth
embodiment of the present invention;

FIG. 71A is a diagram schematically showing an optical multi/demultiplexing circuit in a fourteenth embodiment of
the present invention;

FIG. 71B is a diagram showing the configuration of a phase generating device in the fourteenth embodiment of the
present invention;

FIG. 72is a diagram schematically showing the configuration of an optical multi/demultiplexing circuit in the fourteenth
embodiment of the present invention;

FIG. 73 is a diagram showing the optical characteristics of an optical multi/demultiplexing circuit in the fourteenth
embodiment of the present invention;

FIG. 74 is a diagram showing the configuration of an optical multi/ldemultiplexing circuit in a fifteenth embodiment
of the present invention;

FIG. 75 is a diagram showing the configuration of an optical multi/demultiplexing circuit in a sixteenth embodiment
of the present invention;

FIG. 76 is a diagram schematically showing an optical multi/demultiplexing circuit in a sixteenth embodiment of the
present invention;

FIG. 77 is a diagram schematically showing an optical multi/demultiplexing circuit in a seventeenth embodiment of
the present invention;

FIG. 78 is a block diagram showing an example of the use of an optical multi/demultiplexing circuit equipped with
a phase generating device in accordance with the present invention;

FIG. 79 is a perspective view of an optical module using an optical multi/demultiplexing circuit equipped with a phase
generating device in accordance with the present invention; and

FIG. 80 is a diagram showing an example of the configuration of a Mach-Zehnder interferometer using a spatial
optical system.

[0041] The embodiments of the present invention will now be described in detail with reference to the accompanying
drawings. In the following description, an "optical multi/demultiplexing device" refers to a circuit configured by optical
couplers and optical delay lines device; a "phase generating device" refers to a device for generating a phase ¢; and a
"phase generating optical coupler" refers to a circuit functioning as the phase generating device and optical multi/
demultiplexing device.

[FIRST EMBODIMENT]

[0042] Fig. 4 shows a first embodiment of the optical multi/demultiplexing circuit in accordance with the present in-
vention. The present embodiment includes two two-input/two-output phase generating optical couplers 111 and 112; an
optical delay line section 107 consisting of two optical waveguides between the two phase generating optical couplers
111 and 112; and two input/output optical waveguides 101 and 102, and 103 and 104 connected to the phase generating
optical couplers 111 and 112.

[0043] The optical multi/demultiplexing circuit has a function (phase generating function) for correcting the deviation
of the wavelength period so that the transmission characteristics have an approximately uniform period on the wavelength
axis. The function can be achieved by configuring at least one of the phase generating optical couplers 111 and 112 in
such a fashion that the output phase difference of the phase generating optical coupler has a wavelength dependence
in the passband of the optical multi/demultiplexing circuit. Alternatively, such a function is also achievable by installing
on the optical waveguides of the optical delay line section 107 a phase generating device capable of generating a phase
that has a wavelength dependence.

[0044] The phase correction will be described in a more detail.

[0045] Fig. 5 illustrates general relationships between the wavelength and frequency. In Fig. 5, frequencies, which
corresponds to the wavelengths on the CWDM grid are obtained from f = c/A, and plotted as "uniform wavelength period" ,
where f is the frequency, c is the speed of light, and A is the wavelength. In addition, a frequency period Af1 (= 2.74 THz)
near 1470 nm is obtained, and frequencies are plotted in a uniform period of Af1 with reference to the frequency at 1470
nm, which is labeled as "uniform frequency period 1".

[0046] Although the two agree with each other near 1470 nm, the deviation between the two increases as they depart
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from 1470 nm. The fact agrees with the tendency of the transmission characteristics of the conventional Mach-Zehnder
interferometer as shown in Fig. 2. In other words , although the transmittance across the cross ports is high and the
crosstalk across the through ports is low near 1470 nm, the center of the passbands deviates from the grid toward the
longer wavelength side, and hence the transmittance on the wavelength grid is reduced and the crosstalk is degraded.
[0047] To correct the deviation between the uniform wavelength period and uniform frequency period 1 of Fig. 5, the
deviation is divided into a linear section and a nonlinear section. First, a method will be described for correcting the linear
section of the deviation between the uniform wavelength period and uniform frequency period 1.

[0048] First, a frequency period Af2 (= 2.53 THz) is obtained as the average value of the frequency period near 1470
nm and the frequency period near 1610 nm. Next, the frequencies are plotted in a uniform period of Af2 with reference
to the frequency at 1470 nm, which is labeled as "uniform frequency period 2" as illustrated in Fig. 6.

[0049] The uniform wavelength period and uniform frequency period 2 agree with each other near 1470 nm, deviate
slightly as they proceed toward the longer wavelength side, and agree again near 1610 nm. This proves that the deviation
between the uniform wavelength period and uniform frequency period can be corrected substantially by the correction
in the linear section.

[0050] Fig. 7 shows a Mach-Zehnder interferometer in which the linear section of the deviation between the uniform
wavelength period and uniform frequency period is corrected. The circuit includes two optical couplers 201 and 301; an
optical delay line section 107 between the two optical couplers 201 and 301; and two input/output optical waveguides
101 and 102, and 103 and 104 connected to the optical couplers 201 and 301, respectively. Here, as the optical couplers
201 and 301, directional couplers with the power coupling ratio of 50% are used.

[0051] In contrast with the conventional Mach-Zehnder interferometer whose optical path length difference in the
optical delay line section is AL, the path length difference of the present circuit is set at AL’ = AL + o, where AL = 55.9
pm, and o, which is a path length of the wavelength order, is set at o= 2-Ac (Ac is the central wavelength). For example,
it is set at o= 2.94 pm when Ac = 1.47 pm.

[0052] Fig.8illustrates the wavelength dependence of the transmission characteristics in this case. Just as the tendency
of the deviation between the uniform wavelength period and uniform frequency period 2 illustrated in the Fig. 6, the
center of the passbands are exactly on the grid at both ends although it deviates slightly at the middle of the wavelength
axis. Thus, the transmittance on the wavelength grid is high at both ends of the wavelength region, thereby being able
to reduce the crosstalk and improve the characteristics.

[0053] Thus, the linear section of the deviation between the uniform wavelength period and uniform frequency period
can be corrected by providing the optical delay line with an additional path length of the wavelength order. However, the
central section on the wavelength axis still has slight deviation. Thus, a method will be described for correcting the
nonlinear section of the deviation between the uniform wavelength period and uniform frequency period by using a phase
generating optical coupler.

[0054] Fig. 9 illustrates, for the individual wavelengths on the CWDM grid, a plot of the values obtained by dividing
the frequency deviation between the uniform wavelength period and uniform frequency period 2 illustrated in Fig. 6 by
a frequency period Af2, that is, the amount of phase necessary for correcting the nonlinear section of the deviation
between the uniform wavelength period and uniform frequency period. In other words, itis possible to correct the nonlinear
section of the deviation between the uniform wavelength period and uniform frequency period 2 by providing the optical
delay lines with an appropriate phase as illustrated in Fig. 9.

[0055] First, an example will be described on how to express the wavelength dependent phase in Fig. 9 in terms of a
function.

[0056] Usingequationf=c/Aexpressing the relationship between the wavelength and frequency, relationships between
the mth wavelength A, and mth frequency f,, = fy + mAf can be expressed as follows.

c

Yo T, vmaf ()

where m is an integer, and Af is a frequency period. Expanding the foregoing equation gives the following expression.

2
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[0057] In the foregoing equation (6), the second term and the third term onward represent the linear section and
nonlinear section in the relationships between the wavelength and frequency, respectively. Accordingly, using a nonlinear
polynomial, especially, a quadratic function or a function of a higher order can give good approximation of the phase
required to correct the deviation between the uniform wavelength period and uniform frequency period.

[0058] For example, when carrying out an approximation using a quadratic polynomial, the curve of Fig. 9 is approx-
imated as follows by the phase W as a result of a multiple regression analysis.

Y 4 =8.12x10° A% —0.0251 +19.2

It is obvious that the polynomial used is not limited to the quadratic function or a function of a higher order, and any
desired function can be used for the approximation. For example, the approximation using a Gaussian function gives
the following phase correction amount .

37.94 —~ 2(#-1539.54)° (%)

Y #-0122- ex
186.5v0.5% T 186.5°

[0059] As a device for providing such a wavelength dependent phase, a phase generating optical coupler is used,
which creates a phase with wavelength dependence in the passbands of the interferometer (1470-1610 nm in the present
embodiment), using the difference of the phase output from the two output ports. Fig. 10 shows a configuration of the
phase generating optical coupler whose output phase difference varies in the passbands of the multiidemultiplexing
circuit.

[0060] The phase generating optical coupler comprises four optical couplers 201-204, and three optical delay line
sections 205-207 interposed between the adjacent optical couplers 201-204. It is possible to set the power coupling
ratio of the phase generating optical coupler and the wavelength dependence of the output phase difference by deter-
mining the power coupling ratios of the four optical couplers 201-204 and by providing the three optical delay lines
205-207 with appropriate path length differences.

[0061] As the optical couplers 201, 202, 203 and 204, directional couplers with the power coupling ratios r1, r2, r3
and r4 are used, respectively. In addition, the path length differences of the optical delay lines 205, 206 and 207 are set
at 81, 82 and 83. As a result of fitting the phase characteristics of the output of the phase generating optical coupler to
the approximation function of the foregoing equation (7), the power coupling ratios r1 = 82%, r2 = 82%, r3 = 82% and
r4 = 82%, and the path length differences 81 = -1.13\c, 62 = 0.24Ac and 33 = 1.13\c are obtained.

[0062] Although the phase generating optical coupler includes three optical delay lines (or four optical couplers), the
number of the optical delay lines may be two or four. As the number of the optical delay lines increases, the flexibility of
controlling the phase characteristics of the phase generating optical coupler increases, thereby improving the accuracy
of the fitting . However, as the number of the optical delay lines increases, the size of the circuit increases as well.
Accordingly, it is preferable that the phase generating optical coupler be configured using the minimum number of the
optical delay lines that can achieve a sufficient degree of approximation. More specifically, if the number of the optical
delay lines exceeds six (or the number of the optical couplers exceeds seven), the size of the circuit becomes too large.
Consequently, the number of the optical delay lines is preferably set equal to or less than six.

[0063] Asamatterofcourse, the size of the optical delay line varies depending on the relative refractive index difference
and path length of the waveguides, and on the power coupling ratio and circuit configuration of the optical coupler. In
addition, the phase correction amount required varies depending on the wavelength dependence of the optical coupler
used, the characteristics of waveguide materials, the demultiplexing period and the circuit configuration. Accordingly,
the number of the optical delay lines can be determined in accordance with the circuit fabricated. An interferometer
suitable for the present embodiment includes two optical multiplexing sections 111 and 112 which are interconnected
through the optical delay line 107 as shown in Fig. 11, and include three optical delay lines (205, 206 and 207, and 305,
306 and 307) each.

[0064] A pair of the phase generating optical couplers with the configuration as shown in Fig. 10 is used as the two
optical couplers of the asymmetric Mach-Zehnder interferometer with the conventional configuration. Fig. 12A is a graph
illustrating the wavelength dependence of the phase difference between the optical signals output from the two output
ports of the two optical couplers (phase generating optical couplers) of the asymmetric Mach-Zehnder interferometer;
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and Fig. 12B illustrates the wavelength dependence of the power coupling ratio. Here, the variation in the path length
per phase difference of 2n is 1-Ac, where Ac is the central wavelength, and the path length difference is represented in
terms of the relative path length of one of the waveguides (lower waveguide of Fig. 10) against that of the other. Replacing
the two conventional optical couplers of the asymmetric Mach-Zehnder interferometer by the phase generating optical
couplers of the present embodiment makes it possible to halve the amount of phase required for each phase generating
optical coupler from that of Fig. 9 as illustrated in Fig. 12A.

[0065] It is obvious that the phase generating optical couplers on both sides of the asymmetric Mach-Zehnder inter-
ferometer can be used to provide different amount of phase, or that only the phase generating optical coupler on one
side can be used to carry out the phase correction. For example, as the phase generating optical coupler 111 in Fig. 4,
a conventional optical coupler whose output phase difference is constant can be used, and as the phase generating
optical coupler 112, a phase generating optical coupler whose output phase difference is wavelength dependent in the
passbands of the multi/demultiplexer can be used (for example, the phase generating optical coupler including six optical
delay lines (or seven optical couplers) can be used). In this case, the phase generating optical coupler 112 alone can
be used to compensate for the phase difference as illustrated in Fig. 12A while the power coupling ratio is set as illustrated
in Fig. 12B with offering similar advantages.

[0066] Thus, the uniform wavelength period circuit can also be implemented by the configuration in which the inter-
ferometer includes only one phase generating optical coupler whose output phase difference has the wavelength de-
pendence.

[0067] According to the wavelength dependence of the phase difference as illustrated in Fig. 12A, it is seen that the
phase difference between the optical signals, which are output from the two output ports of the phase generating optical
coupler with the configuration as illustrated in Fig. 10, has the wavelength dependence given by a quadratic or higher
order polynomial, and that the phase difference of the phase generating optical coupler agree with the amount of phase
necessary for the correction of the nonlinear section of the deviation between the uniform wavelength period and uniform
frequency period. In addition, since the wavelength dependence of the power coupling ratio of the phase generating
optical coupler is small, it is expected that the wavelength dependence is small for the transmission characteristics of
the multi/demultiplexing circuit using the phase generating optical coupler.

[0068] Fig. 13 illustrates the wavelength dependence of the transmission characteristics in the case where the phase
generating optical couplers as illustrated in Fig. 10 are used as the two phase generating optical couplers 111 and 112
that constitute the multi/demultiplexing circuit of Fig. 4. The optical path length difference of the optical delay line section
107 is given by AL’ = AL +q, and the values are set at AL = 55.9 um and o = 3.5-Ac, where Ac is the central wavelength,
and hence at Ac = 1.47 pm and o = 5.145 pm.

[0069] The two phase generating optical couplers are placed in left-right symmetry with respect to the middle line
(broken line of Fig. 11) of the optical delay line 107 as illustrated in Fig. 11 so that the phase differences given by the
two phase generating optical coupler is added.

[0070] The linear section of the deviation between the uniform wavelength period and uniform frequency period is
corrected through the optical delay line. In contrast, the nonlinear section of the deviation between the uniform wavelength
period and uniform frequency period is corrected by the phase generating optical couplers whose output phase differences
have a wavelength dependence. Thus, the center of the passbands are placed on the CWDM grid throughout the
wavelength range. Since the wavelength dependence of the transmission characteristics is small, low crosstalk are
achieved throughout the wavelength range.

[0071] The optical multi/demultiplexing circuit was fabricated by forming silica-based optical waveguides on a silicon
substrate using flame hydrolysis deposition, photolithography and reactive ion etching. The relative refractive index
difference of the waveguides was 0.75%, the core thickness of the waveguides was 7 pm, and the core width was 7
wm. The fabricated wafer was cut, and optical fibers were connected to the circuit to assemble a module. Since the
wavelength dependence of the refractive index of the waveguide materials used in the present embodiment was small
in the wavelength band, the refractive index was assumed to be constant.

[0072] However, when the wavelength dependence of the refractive index s large, the relationship between the uniform
wavelength period and uniform frequency period in Fig. 6 changes. In such a case, however, it is possible to correct the
deviation between the uniform wavelength period and uniform frequency period together with the wavelength dependence
of the refractive index as in the case where the refractive index is constant, by deriving the required amount of phase
asillustrated in Fig. 12A considering the wavelength dependence of the refractive index, and by appropriately determining
the phase characteristics of the phase generating optical couplers for example using multiple regression analysis.
[0073] Although the foregoing optical multi/demultiplexing circuit is described by way of example with a minimum
configuration for implementing the optical device, it is also possible to take a configuration for reducing the polarization
dependence or temperature dependence of the optical multi/demultiplexing circuit.

[0074] Thus the optical multi/demultiplexing circuitin accordance with the presentinvention enables the implementation
of the optical device with the uniform wavelength period.
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[SECOND EMBODIMENT]

[0075] Fig. 14 shows a second embodiment of the optical multi/demultiplexing circuit in accordance with the present
invention. The present embodiment includes two phase generating optical couplers 111 and 112 whose output phase
differences have a wavelength dependence in the passband; an optical delay line section 107 between the two phase
generating optical couplers 111 and 112; and two input/output optical waveguides 101 and 102, and 103 and 104
connected to the phase generating optical couplers 111 and 112, respectively.

[0076] The two phase generating optical couplers 111 and 112 are each configured as shown in Fig. 15. They include
four optical couplers 201-204, and three optical delay line sections 205-207 between the adjacent optical couplers
201-204.

[0077] The multi/demultiplexing circuit has the transmission characteristics with approximately uniform period on the
wavelength axis. In addition, to achieve such atransmission characteristics, the deviation between the uniform wavelength
period and uniform frequency period is corrected by the optical delay line and the phase generating optical couplers
whose phase differences between the outputs vary within the passband of the multi/ldemultiplexing circuit.

[0078] The characteristics of an optical interferometer generally depends on the path lengths of the optical delay line
section. Thus, if the path lengths deviate from the designed values because of fabrication errors, the desired character-
istics cannot be achieved. In view of this, the present embodiment of the optical multi/demultiplexing circuit includes a
path length difference adjusting device formed on the optical delay line to improve the accuracy of the path lengths of
the optical delay line section.

[0079] As shown in Fig. 14, the Mach-Zehnder interferometer with the uniform wavelength period includes a path
length difference adjusting device 401 in the optical delay line section 107 so that it can vary the optical path length
difference AL’ = AL + a by the path length adjustment.

[0080] In addition, the optical delay line sections 205-207 of the phase generating optical couplers constituting the
Mach-Zehnder interferometer as shown in Fig. 15 include path length difference adjusting devices 401 so that they can
vary the path length differences 61, 62 and 83 by the path length adjustment.

[0081] The least square approximation was used to optimize the phase y needed to compensate for the deviation
between the uniform wavelength period and uniform frequency period:

W g~ 8.12 x 107°A% - 0.0251 + 19.2

[0082] As the optical couplers 201, 202, 203 and 204 constituting the phase generating optical couplers 111 and 112
that provide such phase characteristics, directional couplers whose power coupling ratios are r1 = 82%, r2 = 82%, r3 =
82 % and r4 = 82% are used, and the path length differences of the optical delay lines 205, 206 and 207 are adjusted
to 61 = -1.13\c, 62 = 0.24Ac and 83 = 1.13Ac by controlling the optical path length using the path length difference
adjusting devices.

[0083] In addition, the optical path length difference of the optical delay line section 107 of the Mach-Zehnder inter-
ferometer is adjusted to AL’ = AL + o, (AL = 55.9 pm and a = 3.5-Ac) by controlling the optical path length with the path
length difference adjusting devices.

[0084] As aresult, the deviation between the uniform wavelength period and uniform frequency period was corrected
as illustrated in Fig. 13, thereby being able to match the transmission characteristics approximately to the CWDM grid
throughout the wavelength range. In addition, since the wavelength dependence of the transmission characteristics is
small, the crosstalk are low throughout the wavelength range.

[0085] Since the present embodiment includes the path length difference adjusting devices in the optical delay line,
they can be used to vary the optical path lengths freely.

[0086] Thus, the path length differences of the optical delay lines that constitute the phase generating couplers can
be initially set at 0, and after fabricating the circuit, they can be set at certain values using the path length difference
adjusting devices.

[0087] The path length adjustment can be carried out for one of the pair of waveguides in the optical delay line as
illustrated in Fig. 16, or for both of them as illustrated in Fig. 17.

[0088] In addition, as for the path length difference adjusting devices, they can be provided to a plurality of places of
the same waveguide as illustrated in the optical delay line 107 of Fig. 16. Furthermore, the geometry and positions of
the path length difference adjusting devices can be set freely.

[0089] Itis obvious that the path lengths can be set at certain values by providing the path length differences in advance
as shown in Fig. 15, and then by adjusting the path length using the path length difference adjusting devices.

[0090] As shown in Fig. 18, the optical multi/demultiplexing circuit was fabricated by forming silica-based optical
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waveguides composed of an undercladding 503, cores 502 and an overcladding 501 on a silicon substrate 504 using
flame hydrolysis deposition, photolithography and reactive ion etching. In addition, after forming the optical waveguides,
thin film heaters were formed are the optical waveguides to use them as path length difference adjusting devices 401.
[0091] The optical multi/ldemultiplexing circuit was fabricated in such a manner that the relative refractive index differ-
ence of the waveguides was 0.75%, the core thickness of the waveguides was 7 um, and the core width was 7 um. The
fabricated wafer was cut, and optical fibers were connected to the circuit to assemble a module. The optical path length
differences of the optical delay lines were adjusted by changing the refractive index of the waveguides by the local heat
treatment method involving thin film heaters.

[0092] Althoughthe pathlength difference adjusting devices 401 are described by way of example using the thermooptic
effect by the thin film heaters, other methods can be used. For example, it is also possible to use light irradiation with a
laser, electro-optic effect, magnetooptic effect or any other means that can carry out the path length adjustment.
[0093] Since the wavelength dependence of the refractive index of the waveguide materials used in the present
embodiment was small in the wavelength band, the refractive index was assumed to be constant. However, when the
wavelength dependence of the refractive index is large, the relationship between the uniform wavelength period and
uniform frequency period in Fig. 6 changes. In such a case, however, it is possible to correct the deviation between the
uniform wavelength period and uniform frequency period together with the wavelength dependence of the refractive
index as in the case where the refractive index is constant, by deriving the required amount of phase considering the
wavelength dependence of the refractive index, and by appropriately determining the phase characteristics of the phase
generating optical coupler for example using least square approximation.

[0094] Although the foregoing optical multi/demultiplexing circuit is described by way of example with a minimum
configuration for implementing the optical device, it is also possible to take a configuration for reducing the polarization
dependence or temperature dependence of the optical multi/demultiplexing circuit.

[0095] As described above, the present embodiment employs the path length difference adjusting devices such as
thin film heaters, and uses them to adjust the optical path length difference of the optical delay line by varying the
refractive index of the waveguides, thereby reducing the effect of the fabrication errors. Thus, the optical path length
differences of the optical delay lines that constitute the multi/demultiplexing circuit can be set exactly at the designed
values by operating the path length difference adjusting devices. As a result, the present embodiment can implement
the optical multi/demultiplexing circuit with the uniform wavelength period.

[THIRD EMBODIMENT]

[0096] Fig. 19 shows a third embodiment of the multi/demultiplexing circuit in accordance with the present invention.
The circuit includes three phase generating optical couplers 111, 112 and 113 ; two optical delay line sections 107 and
108 between the three phase generating optical couplers; two input/output optical waveguides 101 and 102 connected
to the phase generating optical coupler 111; and two input/output optical waveguides 103 and 104 connected to the
phase generating optical coupler 113.

[0097] The path length difference of the optical delay line section 107 is set at AL1’ = AL1 + o1, and that of the optical
delay line section 108 is set at AL2’ = AL2 + 02, where a1 and o2 are path lengths of the wavelength order as described
in the first embodiment.

[0098] In addition, at least one of the three optical multi/demultiplexing devices consists of a phase generating optical
coupler, and the phase difference between the outputs varies corresponding to wavelength in the passband of the
interferometer, thereby equipped with a the phase generating function.

[0099] Although the firstand second embodiments are an optical multi/demultiplexer with the phase generating function
based on the conventional Mach-Zehnder interferometer, the present embodiment is based on a conventional lattice-
form filter, in which the path length differences of the optical delay lines 107 and 108 are AL1 = AL and AL2 = 2-AL + T,
and the power coupling ratios of the phase generating optical couplers 111, 112 and 113 are approximately 50%, 70%
and 10% (see, M. Oguma et al. , "Flat-passband interleave filter with 200 GHz channel spacing based on planar lightwave
circuit-type lattice structure", Electronics Letters 2000, Vol. 36, pp. 1299 - 1300, for example).

[0100] Asforsuchanoptical multidemultiplexing circuit, the method as described in the firstembodiment canimplement
the optical multi/demultiplexing circuit with the uniform wavelength period from the optical multi/demultiplexing circuit
with the uniform frequency period.

[0101] Fig. 20 illustrates the wavelength dependence of the transmission characteristics of the present embodiment
of the optical multi/demultiplexing circuit. The optical multi/demultiplexing circuit corrects the deviation between the
uniform wavelength period and uniform frequency period by using the phase generating optical couplers whose output
phase differences varies corresponding to wavelength in the passbands of the optical multi/demultiplexing circuit, thereby
implementing the optical multi/demultiplexing circuit with uniform period on the wavelength axis.

[0102] As one of the phase generating optical couplers constituting the present embodiment of the optical multi/
demultiplexing circuit, a phase generating optical coupler can be used which includes M + 1 optical couplers, and M
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optical delay line sections between the adjacent optical couplers, where M is an integer equal to or greater than two.
For example, the optical multi/demultiplexing circuit of Fig. 21 employs the phase generating optical couplers as illustrated
in Fig. 10 as the phase generating optical couplers 111 and 113, and a Mach-Zehnder-type optical coupler as the phase
generating optical coupler 112.

[0103] The optical delay lines of the present embodiment of the optical multi/demultiplexing circuit can comprise a
path length difference adjusting device. In addition, the optical path length differences of the optical delay lines that
constitute the phase generating optical couplers can initially be set at zero, and after fabricating the circuit, they can be
set at certain values using the path length difference adjusting devices.

[0104] Itis obvious thatthe path lengths can be set at certain values by providing the path length differences in advance
as shown in Fig. 15, and then by using the path length difference adjusting devices.

[0105] In addition, it is possible to make the phase generating optical coupler 112 function as a Mach-Zehnder-type
optical coupler with a variable power coupling ratio by adjusting the path length difference of the optical delay line.
[0106] The optical multi/demultiplexing circuit was fabricated by forming silica-based optical waveguides composed
of an undercladding 503, cores 502 and an overcladding 501 on a silicon substrate 504 using flame hydrolysis deposition,
photolithography and reactive ion etching as described before in connection with Fig. 18. In addition, after forming the
optical waveguides, thin film heaters were formed over the optical waveguides to use them as path length difference
adjusting devices 401. The relative refractive index difference of the waveguides was 0.75%, the core thickness of the
waveguides was 7 pm, and the core width was 7 um. The fabricated wafer was cut, and optical fibers were connected
to the circuit to assemble a module. The optical path length differences of the optical delay lines were adjusted by
changing the refractive index of the waveguides by the local heat treatment method involving thin film heaters.

[0107] Althoughthe pathlength difference adjusting devices 401 are described by way of example using the thermooptic
effect by the thin film heaters, other methods can be used. For example, it is also possible to use light irradiation with a
laser, electro-optic effect, magnetooptic effect or any other means that can carry out the path length adjustment.
[0108] Since the wavelength dependence of the refractive index of the waveguide materials used in the present
embodiment was small in the wavelength band, the refractive index was assumed to be constant. However, when the
wavelength dependence of the refractive index is large, the relationship between the uniform wavelength period and
uniform frequency period in Fig. 6 changes. In such a case, however, it is possible to correct the deviation between the
uniform wavelength period and uniform frequency period together with the wavelength dependence of the refractive
index as in the case where the refractive index is constant by deriving the required amount of phase considering the
wavelength dependence of the refractive index, and by appropriately determining the phase characteristics of the phase
generating optical couplers for example using nonlinear polynomial approximation.

[0109] Although the foregoing optical multi/demultiplexing circuit is described by way of example with a minimum
configuration for implementing the optical device, it is also possible to take a configuration for reducing the polarization
dependence or temperature dependence of the optical multi/demultiplexing circuit.

[0110] The present embodiment applies the present invention to a lattice-form filter to demonstrate that the present
invention is applicable to any conventional interferometers other than the Mach-Zehnder interferometer. The present
invention is also applicable to devices other than the lattice-form filter such as a cascaded Mach-Zehnder interferometer,
transversal-form filter, and other interferometers. In addition, it is applicable not only to interferometers with one-input/two-
outputs, but also to interferometers with a desired number of inputs/outputs.

[0111] Thus, the present embodiment can implement the optical multi/demultiplexing circuit with the uniform wave-
length period by using the multi/demultiplexing circuit of the present embodiment.

[FOURTH EMBODIMENT]

[0112] Fig. 22 shows a fourth embodiment of the optical multi/demultiplexing circuit in accordance with the present
invention. The circuit comprises an interferometer and an arrayed waveguide grating. The interferometer includes two
phase generating optical couplers 111 and 112, an optical delay line section 107 between the two phase generating
optical couplers, and input waveguides 101 and 102 connected to the phase generating optical coupler 111. The arrayed
waveguide grating includes array waveguides 603, afirst slab waveguide 602 and a second slab waveguide 604 disposed
on both sides of the array waveguides, and eight output waveguides 605 connected to the second slab waveguide. The
two outputs of the phase generating optical coupler 112 of the interferometer are launched into the first slab waveguide
602 of the arrayed waveguide grating.

[0113] As for the connection of the two output waveguides of the interferometer to the first slab waveguide 602, the
geometry of the contacts can take any form. For example, optical waveguides whose geometry varies such as tapered
waveguides can be connected to the slab waveguide.

[0114] At least one of the optical multi/demultiplexing devices consists of a phase generating device that produces
an output phase difference corresponding to a wavelength in the passbands of the optical multi/demultiplexing circuit,
and at the same time functions as an optical coupler, that is, a phase generating optical coupler.
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[0115] The present embodiment of the optical multi/demultiplexing circuit is based on a configuration in which the two
outputs of a conventional Mach-Zehnder interferometer are launched into a first slab waveguide of an arrayed waveguide
grating (see, Fig. 6 of Japanese patent application laid-open No. 11-109147/1999). The conventional configuration is
not suitable for use in an optical communication system with uniform wavelength period because the interferometer at
the pre-stage has the uniform frequency period. However, the present embodiment can implement an optical circuit with
uniform wavelength period in its entirety by using the multi/demultiplexing circuit with the uniform wavelength period in
the pre-stage , and by matching the output wavelength period of the post-stage arrayed waveguide grating to that of the
pre-stage.

[0116] Alternatively, a configuration of Fig. 23 is also possible in which the phase generating optical coupler 112
constituting the Mach-Zehnder interferometer is coupled to the first slab waveguide of the arrayed waveguide grating
(see, Figs. 6 and 7 of US patent N0.5488680). Here, the term "configuration in which the phase generating optical coupler
is coupled to the slab waveguide" refers to a case in which the phase generating optical coupler as shown in Fig. 10 is
used as the phase generating optical coupler 112, for example, and the optical coupler 204 is directly attached to the
slab waveguide.

[0117] Inaddition, the phase generating optical coupler 111 may be configured such that it includes six optical couplers
and five optical delay lines between the adjacent optical couplers, or the phase generating optical coupler 112 may be
an ordinary optical coupler. Alternatively, the optical coupler may be a directional coupler, multimode interferometer or
tunable coupler.

[0118] Furthermore, as shown in Fig. 24, at least one of the waveguides of the optical delay line of the pre-stage
Mach-Zehnder interferometer may include a path length difference adjusting device.

[0119] Using the path length difference adjusting device makes it possible to match the center of passbands of the
pre-stage Mach-Zehnder interferometer to that of the post-stage arrayed waveguide grating (see, C. R. Doerr et al. ,
"Compact and low-loss integrated flat-top passband demux" 27th European Conference on Optical Communication
ECOC’ O1 Vol. 6, pp. 24-25).

[0120] The optical multi/demultiplexing circuit was fabricated by forming silica-based optical waveguides on a silicon
substrate using flame hydrolysis deposition, photolithography and reactive ion etching. It was fabricated in such a manner
that the relative refractive index difference of the waveguides was 0.75%, the core thickness of the waveguides was 7
pm, and the core width was 7 pum. The fabricated wafer was cut, and optical fibers were connected to the circuit to
assemble a module.

[0121] Fig. 24 shows an optical multi/demultiplexing circuit including the path length difference adjusting device 401
installed in the optical delay line of the pre-stage Mach-Zehnder interferometer; and Fig. 25 illustrates the transmission
characteristics thereof.

[0122] The pre-stage interferometer has the uniform wavelength period, and the characteristics with uniform wave-
length period can be implemented as a whole circuit by matching the output wavelength period of the post-stage arrayed
waveguide grating to that of the pre-stage. In addition, since the circuit with the configuration has a flat passband, it is
suitable for use with optical communication systems.

[0123] Although the present embodiment employs the Mach-Zehnder interferometer with the uniform wavelength
period at the pre-stage, any type of optical multi/demultiplexing circuit with the uniform wavelength period can be used
such as a lattice-form filter type as illustrated in the third embodiment, a cascaded Mach-Zehnder type, a transversal-
form filter type, and other interferometer.

[0124] Alternatively, a configuration is also possible in which its pre-stage consists of an optical multi/demultiplexer
equipped with a phase generating device including a plurality of cascaded optical multi/demultiplexing circuits that will
be described below (fifth embodiment), and at least two outputs of the optical multi/demultiplexer are launched into the
slab waveguide of the arrayed waveguide grating.

[FIFTH EMBODIMENT]

[0125] Fig. 26 shows a fifth embodiment of the optical multi/demultiplexing circuit in accordance with the present
invention. The circuit comprises a pre-stage optical multi/demultiplexer 801 equipped with phase generating devices;
and post-stage optical multi/demultiplexers 802 and 803 also equipped with phase generating devices, which are con-
nected to the two outputs of the optical multi/ldemultiplexer 801, respectively. The pre-stage optical multi/demultiplexing
circuit consists of a uniform wavelength period Mach-Zehnder interferometer with the wavelength period of 20 nm, and
the post-stage optical multi/demultiplexing circuits each consist of a uniform wavelength period Mach-Zehnder interfer-
ometer with the wavelength period of 40 nm. In addition, their path length differences are adjusted such that the pre-
stage and post-stage interferometers split the input light to four output light waves.

[0126] Thus, the one-input/four-output optical multi/demultiplexing circuit equipped with phase generating devices is
implemented by the configuration including a plurality of cascaded optical multi/demultiplexing circuit equipped with
phase generating devices. It is obvious that the present embodiment of the optical multi/demultiplexing circuit equipped
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with phase generating devices can comprise path length difference adjusting devices in the optical delay line section as
described in the second embodiment. The path length difference adjusting section can be used to adjust the optical path
length, or to provide the phase variation of &t to the optical delay line of the optical multi/ldemultiplexer 802 equipped with
phase generating devices to interchange the ports that output the light waves of A1 and A3.

[0127] The scheme as illustrated in Fig. 26 that connects the output waveguides of the pre-stage interferometer to
the input waveguides of the post-stage interferometers is only an example, and any other configuration can be used. If
the connection of the output and the input waveguides of the pre-stage and the post-stage interferometers are changed,
the output ports of the specified wavelengths might be changed.

[0128] Furthermore, although the present embodiment of the optical multi/demultiplexing circuit cascades a plurality
of uniform wavelength period Mach-Zehnder interferometers, other configurations can be taken. For example, it is
possible to use as the pre-stage the uniform wavelength period Mach-Zehnder interferometer (wavelength period 20
nm) as described in the first embodiment, and as the post-stage the uniform wavelength period lattice-form filters (wave-
length period 40 nm) as described in the third embodiment.

[0129] Thus cascading a plurality of uniform wavelength period multi/demultiplexer circuits can implement a one-
input/N-output optical multi/demultiplexing circuit equipped with phase generating devices.

[0130] Alternatively, as shown in Fig. 27, the two outputs of the optical multi/demultiplexer 801 equipped with a phase
generating device can be connected to arrayed waveguide gratings 804 and 805. Thus, the pre-stage optical multi/
demultiplexer 801 equipped with a phase generating device multi/demultiplexes the wavelength into odd- and even-
numbered channels, and the post-stage arrayed waveguide gratings 804 and 805 multi/demultiplexers them into individual
wavelengths. Consequently, a one-input/N-output optical multi/demultiplexing circuit equipped with a phase generating
device can be implemented.

[0131] Itis obvious that the path length adjustment can be carried out for any of the optical delay line sections.

[Sixth Embodiment]

[0132] FIG. 28 shows an optical multi/demultiplexing circuit which represents a sixth embodiment of the present
invention. This circuit is an N-stage lattice-form filter constituted by N+1 (N: an integer equal to or larger than 1) phase
generating optical couplers 111 to 115, N optical delay lines 107 to 109 each interposed between one of adjacent pairs
of the phase-generating optical couplers, two input waveguides 101 and 102 connected to the first phase generating
optical coupler 111, and two output waveguides 103 and 104 connected to the (N+1)-th phase generating optical coupler
115.

[0133] Each of the N optical delay lines 107, 108, and 109 is formed by two optical delay elements. The path length
differences of the optical delay lines 107, 108, and 109 are set at ALy + 8L4, AL, + 8L, ..., ALy + 8Ly. As each of the
phase generating optical couplers 111 to 115, a phase generating optical coupler in which its output phase difference
has a wavelength dependence with respect to a passband is used. These phase generating optical couplers are used
as a phase generating device to apply phases (1), ¥5(A), ..., ¥N(A) each having a wavelength dependence to the
optical delay lines 107,108, and 109. Itis possible to freely set the optical characteristics of the optical multi/demultiplexing
circuit shown in FIG. 28 by suitably setting these phases W4 (A), ¥5(A), -, ¥N().

[0134] A designing method with which the transmittance spectra of a conventional optical multi/demultiplexing circuit
with a uniform frequency period can be transformed into an optical multi/demultiplexing circuit with a uniform wavelength
period, will be described as a method used in this embodiment. Needless to say, an interferometer which is uniformly
periodic with respect to frequency in theory can be changed into an interferometer uniformly periodic with respect to
wavelength by using the method described in the first embodiment and so on. However, a different design method is
used in this embodiment.

[0135] In general, the transmission characteristics of an optical multi/demultiplexing circuit, e.g., an N-order (N: an
integer equal to or larger than 1) optical multi/demultiplexing circuit (optical delay line circuit), which consists of optical
delay lines and optical couplers can be expressed as the Fourier transform of the impulse response of the optical multi/
demultiplexing circuit, as shown by the following equation:

N - jgALw

X(w)= zq=0xq exp(————c———) (8)
where w is the relative optical angular frequency, AL is the optical path length difference of the optical delay line, which
includes a wavelength dependence of the refractive index, and c is the speed of light. From the equation (8), it can be

understood that the conventional optical multi/demultiplexing circuit is uniformly periodic against a relative optical angular
frequency. If a wavelength dependent phase W(\) can be applied to the optical delay line, equation (8) can be transformed
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into an equation representing the transmission characteristics of the optical multi/demultiplexing circuit of the present
invention:

xX)=3 %, exp{— th[%-W(A)]} (9)

where ¢ = wA/2x, A is a wavelength and AL’ is the optical path length difference of the optical delay line. From this
equation (9), it can be understood that the transmission characteristics of the optical multi/demultiplexing circuit can be
freely changed by suitably setting the wavelength dependent phase W(A).

[0136] Since in this embodiment a transformation of the transmission spectrum is made by way of example such that
the transmission spectrum becomes uniformly periodic with respect to wavelength, a nonlinear phase ¥(\) shown by
the following equation may be generated:

W(K)=£é1:—+—6——1~'2+—2\~*—(m+ }\'c) (10)
A AL AA

where 8L (= AL’ - AL) is a microscopic optical path length difference, A\ is a wavelength period, m is an integer, and Ac
is the center wavelength. By expanding equation (10), the phase can be approximated by a quadratic or higher-degree
polynomial function:

(AL +6LY A -2,)*
A,qd

W)QMWIM 1

% +a]u ~A)+ Y (D

(11)

c

The phase shown by the equation (11) is applied to the optical delay line, thus realizing a uniform-wavelength-period
optical multi/demultiplexing circuit having the center wavelength Ac and the wavelength period AA.

[0137] In this embodiment, a phase generating optical coupler is used as a phase generating device. Such a wave-
length-dependent optical multi/demultiplexing devices capable of generating a wavelength dependent phase will be
referred to as "phase generating optical coupler”.

[0138] As a phase generating optical coupler, an interferometer-type phase generating optical coupler constituted by
an optical coupler and an optical delay line may be used. More specifically, a lattice-form filter type phase generating
optical coupler constituted by M+1 (M: an integer equal to or larger than 1) optical couplers and M optical delay lines
each interposed between adjacent pairs of the optical couplers is used as each phase generating optical coupler in this
embodiment.

[0139] The advantage of using a phase generating optical coupler of this construction as the phase generating optical
coupler resides in that the lattice-form filter theoretically has no loss, and that it is possible to make an optical coupler
of this construction function as a phase generating optical coupler by suitably setting the M+1 power coupling ratios
(amplitude coupling ratios) of the optical couplers and the M optical path length differences of the optical delay lines.
Also, a directional coupler formed of two optical waveguides placed close to each other can be used as each optical
coupler.

[0140] The transfer matrix of then-th two-input two-output lattice-form-filter-type phase generating optical coupler of
the present invention is written as:

H,(2) -F.(2))

- - S .. S
n F" (Z) H”, (Z) n,Mn+1~ n,Mn

S (12)

n,2%n,1

where H,(z) and F,,(z) are the through port and cross port transfer functions, respectively, of the n-th lattice-form-filter-
type phase generating optical coupler, M,, is the number of optical delay lines of the n-th lattice-form-filter-type phase
generating optical coupler, z is a complex variable replaced for exp(j2n1/1), and H,« (z) is a para-Hermitian conjugate
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of H,(z) defined by

H"*(Z)EH;( 1«) (13)
z

with the superscript * indicating the usual complex conjugation. In the equation (12), S, ;(p = 1 to Mp) is the transfer
matrix of the fundamental circuit component formed of the p-th optical coupler and the p-th optical delay line:

— jdl, ~ jmol
cosf, , exp(——]T—’f’—) - jsing, , exp(—lll——'ﬁf’-)

jmél, »
A

S =

n.p

Jjrdl (14)
—jsing, exp(—T’i) cosd, , exp(

and Sn,p(p =M, + 1) is the transfer matrix of the (M, + 1)-th optical coupler:

cosb,, . —jsinf,, .
n.M, +1 =(_ et o 1) ( 15 )

jSin ﬁn.M,, +1 Cosen,M,,-l-l

In these equations, &, , is the optical path length difference of the p-th optical delay line in the n-th lattice-form-filter-
type phase generating optical coupler, and Onp is the amplitude coupling ratio of the p-th optical coupler in the n-th
lattice-form-filter-type phase generating optical coupler, more specifically the angular expression of the wavelength
dependent amplitude coupling ratio.

[0141] The above-described principle is applied to a Mach-Zehnder interferometer, which is an example of the optical
multi/demultiplexing circuit. As shown in FIG. 29, a uniform-wavelength-period Mach-Zehnder interferometer in accord-
ance with the present invention is constituted by N+1=2 phase generating optical couplers 111 and 112, N=1 optical
delay line 107 interposed between the adjacent pair of phase generating optical couplers 111 and 112, two input
waveguides 101 and 102 connected to the first phase generating optical coupler 111, and two output waveguides 103
and 104 connected to the second phase generating optical coupler 112 . The optical delay line 107 is formed of two
optical delay elements. The path length difference of the optical delay line 107 is set to AL, + 8L 4. The phase generating
optical couplers 111 and 112 are M;-stage and M,-stage lattice-form-filter-type phase generating optical couplers re-
spectively having transfer matrices S; and S,.

[0142] The phase applied to the optical delay line 107 of the Mach-Zehnder interferometer with the phase difference
created by the phase generating optical couplers is shown by the following equation formed by using equation (12):

&[4, (1),6,(1)]- farg]- F..(2)|+ arglF, (z>J2-” arglH,.(2)|-arglH,.(2) } (16)

In the Mach-Zehnder interferometer, one of the two optical couplers may be formed as a phase generating optical coupler
or both of the two optical couplers may be formed as a phase generating optical coupler. In this embodiment, two phase
generating optical couplers identical with each other were used and were placed so as to be line-symmetric about the
middle point of the optical delay line 107 of the Mach-Zehnder interferometer, as described above in the description of
the first embodiment. In this case, since the relations Hy« (z) = Hy«(z) H*(z) and -F4« (z) = F5(z) = -F«(z) are satisfied,
equation (16) can be simplified into:

0l (), ()] - LB E *(")f; arglH.} (44,
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Therefore, the uniform-wavelength-period Mach-Zehnder interferometer of the present invention can be realized by
setting the phase generating optical couplers so that the phase generated by the phase generating optical couplers as
shown by equation (17) is identical to equation (11), and so that the phase generating optical couplers function as 3-dB
optical couplers having an amplitude coupling ratio of 0.5.

[0143] Numerical analysis was performed to derive the design parameters for the phase generating optical coupler.
Ifthe number of parameters was smaller, the phase generating optical coupler will become easier to fabricate. Accordingly,
01(A) = 6,(1) = B3(A) = B4(R) = 6(A) and 61, = -615 were set as restrictive conditions for optimization. Needless to say,
these restrictive conditions are not necessary for derivation of parameters for the design of the phase generating optical
coupler. If the number of stages formed by the lattice-form-filter-type phase generating optical couplers is increased,
the degree of approximation to the desired characteristics can be increased. The degree of approximation is also in-
creased by using arbitrary design parameters without imposing restrictive conditions. However, even when the above-
described restrictive conditions were imposed, design parameters were obtained with a sufficiently high degree of ap-
proximation by optimization. Further, if a variable is introduced into the phase function for approximation, parameters
for the design of the phase generating optical coupler can be set with flexibility to facilitate the approximation.

[0144] For this reason, a variable 3L was introduced into the phase function for approximation, as shown in equation
(11). However, the variable is not indispensable to the design of the phase generating optical coupler, and a variable
other than this may be used. The reason for using &L is that the variable can be easily reflected into the optical multi/
demultiplexing circuit by simply setting the optical path length difference of the optical delay line of the optical multi/
demultiplexing circuit at AL’ (= AL + dL).

[0145] The amplitude coupling ratios of optical couplers constituting the phase generating optical coupler, the optical
path length differences of optical delay lines constituting the optical coupler and the variable 6L were optimized by
nonlinear polynomial approximation so that equation (17) was identical to equation (11) and the amplitude coupling ratio
was 0.5. As a result of the optimization, a phase generating optical coupler having the phase difference shown in FIG.
30A and the amplitude coupling ratio shown in FIG. 30B was obtained. The phase difference between the outputs of
the phase generating optical coupler, i.e., the generated phase ®(A), coincided with the target phase y(\):

W(A) =0.55-0.84(A -1 ) +17(A ~A, ) -11(A -1 (18)

It can be understood that the phase generating optical coupler functions as a 3-dB optical coupler having an amplitude
coupling ratio of approximately 0.5.

[0146] FIG. 31 is a diagram schematically showing a fabricated uniform-wavelength-period Mach-Zehnder interfer-
ometer in accordance with the present invention . The amplitude coupling ratio of the optical couplers 201 to 204, and
301 to 304 constituting the phase generating optical couplers 111 and 112 was set at 6(\,) = 0.33; the optical path length
difference of each optical delay lines 205 and 305 of the phase generating optical couplers 111 and 112 was set at 51,
= 1.8); the optical path length difference of each of optical delay lines 206 and 306 of the phase generating optical
couplers 111 and 112 was set at 61, = 0.2A; and the optical path length difference of each of optical delay lines 207
and 307 of the phase generating optical couplers 111 and 112 was set at 15 = -1.8A. The optical path length difference
of the optical delay line 107 formed of two optical delay elements was set at AL, (= AL4 + 8L,). AL, is the optical path
length difference of the optical delay line of the conventional Mach-Zehnder interferometer. The optical path length
difference added to the optical delay line was set at 6L, =2.0A,..

[0147] The above-described optical multi/demultiplexing circuit was fabricated by forming silica-based waveguides
on a silicon substrate 504 by flame hydrolysis deposition, photolithography, and reactive ion etching. After the formation
of the optical waveguides, thin film heaters having a width of 40 pm and a heater length of 4 mm were formed as a path
length difference adjusting device 401 on the optical waveguides, and the refractive indices of the waveguides were
changed by using the thin filmheaters to correct fabrication errors of the optical path length differences of optical delay
lines.

[0148] The waveguides were made so as to have a relative refractive index difference of 1.5%, a core thickness of
4.5 pm and a core width of 4.5 pum. The chip on which this Mach-Zehnder interferometer was fabricated was cut out by
dicing, and an optical module was assembled by connecting single-mode fibers to the input and output waveguides.
[0149] FIG. 32 shows the optical characteristics of the fabricated uniform-wavelength-period Mach-Zehnder interfer-
ometer optical module of the present invention. The characteristic relating to light which is input through the input
waveguide 102 and output through the output waveguide 103 is indicated as "CROSS" , while the characteristic relating
to light which is input through the input waveguide 102 and output through the output waveguide 104 is indicated as
"THROUGH". The optical multi/demultiplexing circuit having a uniform wavelength period of 40 nm was realized by using
the principle of the present invention.

[0150] FIG. 33 shows the misalignment of the center point of the passbands of the Mach-Zehnder interferometer from
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the CWDM grid with respect to the relative wavelength. It can be understood that a large axial misalignment occurs in
the conventional Mach-Zehnder interferometer since the conventional Mach-Zehnder interferometer is uniformly periodic
with respect to frequency and not uniformly periodic with respect to wavelength. In contrast, no axial misalignment occurs
in the uniform-wavelength-period Mach-Zehnder interferometer of the present invention since the Mach-Zehnder inter-
ferometer of the presentinvention has a uniform wavelength period of 40 nm. Therefore, the Mach-Zehnder interferometer
of the present invention is suitable for use as an optical multi/demultiplexing circuit for the CWDM system using a grid
periodic in a wavelength region.

[0151] FIG. 34 shows the loss with respect to the relative wavelength, and FIG. 35 shows the crosstalk with respect
to the relative wavelength. In the conventional Mach-Zehnder interferometer, the loss is increased on the CWDM grid
and the crosstalk characteristic is also deteriorated since the center point of the passband deviates from the wavelength
grid. In the Mach-Zehnder interferometer of the present invention, the characteristics in terms of loss and crosstalk are
good since the center point of the passband just coincides with the wavelength grid.

[0152] Thus, in this embodiment, a uniform-wavelength-period optical multi/demultiplexing circuit was realized in such
a manner that in an interferometer-type optical circuit constituted by a phase generating optical coupler having at least
one input and at least two outputs and an optical delay line coupled to the phase generating optical coupler, a phase
designed to obtain a uniform-wavelength-period characteristic was applied to the optical delay line by a phase generating
device.

[0153] To be more specific, a phase generating optical coupler characterized in that the output phase difference varies
with respect to a passband was used as the phase generating device. More concretely, a lattice-form filter type phase
generating optical coupler was used as the phase generating optical coupler, and the parameters for designing the
phase generating optical coupler were optimized so that the optical coupler had the desired phase and amplitude coupling
ratio, thus achieving success in enabling the phase generating optical coupler to function as desired. By using the series
of design techniques described in connection with this embodiment, a conventional Mach-Zehnder interferometer was
transformed into a uniform-wavelength-period Mach-Zehnder interferometer as an example of an optical multi/demulti-
plexing circuit. This means that ordinary optical delay line circuits uniformly periodic with respect to frequency can be
transformed to become uniformly periodic with respect to wavelength.

[0154] Needless to say, the above-described series of design algorithms for the process of deriving the phase for
realization of the desired characteristics and optimizing the parameters for designing the phase generating optical coupler
by numerical analysis is one possible method for implementation of the present invention, and a uniform-wavelength
multi/demultiplexing circuit can also be realized by a different method, e.g., a method such as those described in the
first embodiment where the target phase was derived directly from the transmittance spectra, to obtain the desired optical
characteristics.

[0155] The target phase function is not limited to the one described in this embodiment, and other phase functions
can be used to obtain the desired characteristics. Moreover, the present invention is not limited to converting the trans-
mittance characteristics into uniform wavelength period. For example, the phase may be designed such that the wave-
length periods are different at different wavelength regions. Transforming the transmittance spectra of the conventional
optical multi/demultiplexing circuit into equal wavelength spacing is only an example of the phase design, which is the
feature of the present invention. Further, the way in which a phase is expressed is not uniquely determined. A plurality
of ways of expression are possible for realization of the same characteristic. For example, since the optical multi/
demultiplexing circuit used in this embodiment is a two-output lattice-form filter and since an optical signal can be taken
out from either of the output waveguides, m can be set at m’/2 (m’: an integer). Any other functions may be used.
[0156] This embodiment is only an example of a possible use of a phase generating device to modify the optical
characteristics of the conventional optical multi/demultiplexing circuits.

[Seventh Embodiment]

[0157] FIG. 36 shows an optical multi/demultiplexing circuit in a seventh embodiment of the present invention. This
circuit is a two-stage lattice-form filter constituted by N+1 (N = 2) phase generating optical couplers 111 to 113, N (N =
2) optical delay lines 107 and 108 each interposed between adjacent pairs of the phase-generating optical couplers,
two inputwaveguides 101 and 102 connected to the first phase generating optical coupler 111, and two output waveguides
103 and 104 connected to the (N+1=3)-th (third) phase generating optical coupler 113.

[0158] Each of the two optical delay lines 107 and 108 is formed by two optical delay elements. The path length
differences of the optical delay lines 107 and 108 are respectively set at AL, + 6L4 and AL, + SL,. As each of the phase
generating optical couplers 111 to 113, a phase generating optical coupler in which its output phase difference has a
wavelength dependence with respect to a passband is used. These phase generating optical couplers are used as a
phase generating device to apply phases ‘¥'4(A) and ¥,(A), each having a wavelength dependence, to the optical delay
lines 107 and 108. It is possible to freely set the optical characteristics of the optical multi/demultiplexing circuit shown
in FIG. 36 by suitably setting these phases ¥4(A) and ¥,(A).
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[0159] Awavelength reference device according to this embodiment in which its transmittance spectrum is transformed
from uniform frequency period into uniform wavelength period, will be described by way of example. If the phase described
in the description of the sixth embodiment is applied to the optical delay line, a wavelength reference device having a
center wavelength Ac and a wavelength period AL, can be realized. In this embodiment, phase generating optical couplers
are used as a phase generating device to achieve the desired optical characteristics.

[0160] In this embodiment, phase generating optical couplers of a lattice-form filter type are used, the phase ¥4(}) is
applied to the optical delay line 107 by the phase generating optical couplers 111 and 112, and the phase W,(A) is
applied to the optical delay line 108 by the phase generating optical couplers 112 and 113. The optical path length
difference of the first optical delay line 107 was set at AL, = AL where AL is a fundamental optical path length difference,
and the optical path length difference of the second optical delay line 108 was set at AL, = AL. The fundamental optical
path length difference AL is equal to the path length difference of a conventional wavelength reference device of a lattice-
form filter type.

[0161] The phase generating optical coupler 112 was formed by a directional coupler formed of two optical waveguides
placed close to each other, and the phase generating optical couplers 111 and 113 were formed by M,-stage and
Mj-stage lattice-form-filter-type phase generating optical couplers respectively having transfer matrices S; and S5. The
entire circuit was designed so as to be line-symmetric about the phase generating optical coupler 112. The number of
circuit parameters was reduced to facilitate the fabrication of the circuit. Needless to say, the above-described configu-
ration is only an example of the circuit configuration, and any other circuit configuration, e.g., one in which the charac-
teristics of the phase generating optical couplers 111 and 113 differ from each other may be used.

[0162] The transfer matrices of the phase generating optical couplers 111 to 113 are respectively shown as:

(R -Fe@)_

b F(z) H.(z) = SumaSun, S1250 (19)

cos@,, ~-jsin®,,
* |~ isine ) (20)
© |\ -JsinB,;, cos6,,
H,(z) -F,.(2)
o F,(z) H,.(2) - 3*“3”53#3'”53,253,1 (21)

The design parameters of the phase generating optical couplers were optimized so that the phases ®,(A) and ®,(A)
applied to the optical delay lines 107 and 108 and the target phases ¥'4(A) and ¥,()) respectively coincided with each
other, and so that the phase generating optical couplers functions as optical couplers having an amplitude coupling ratio
of 0.3, as described above in the description of the sixth embodiment.

[0163] In this embodiment, the entire circuit is made line-symmetric about the phase generating optical coupler 112
and the designs of the optical delay lines 107 and 108 are identical with each other. Therefore, only the optimization for
the optical delay line 107 is necessary. As a result of the optimization, the corresponding phase generating optical coupler
was formed as a six-stage lattice-form filter. If the number of parameters was smaller, the phase generating optical
coupler will become easier to fabricate. Accordingly, 64, 4(X) =04, o(A) =04, 3(A) = 04, 4(R) =84, 5(A) = 64, g(A) =6(A) and
8141 =-014 5 =-814 g and 814 53 = 81, 4 were set as restrictive conditions for optimization.

[0164] Needless to say, these restrictive conditions are not necessary for derivation of parameters for the design of
the phase generating optical coupler, and other restrictive conditions may be set. If the number of stages in the lattice-
form-filter-type phase generating optical coupler is increased, the degree of approximation to the desired characteristics
can be increased. The degree of approximation is also increased by using arbitrary design parameters without imposing
restrictive conditions.

[0165] However, even when the above-described restrictive conditions were imposed, the design parameters were
derived with a sufficientlyhighdegree of approximation by optimization. Further, if a variable is introduced into the target
phase function, it will facilitate the approximation because there will be a larger flexibility in the design parameters of the
phase generating optical coupler.
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[0166] For this reason, a variable 8L, was introduced into the phase function for approximation. Needless to say, the
variable is not indispensable to design the phase generating optical coupler, and a variable other than this may be used.
The reason for incorporating L, is that the variable can be easily reflected into the optical multi/demultiplexing circuit
simply by setting the optical path length difference of the optical delay line of the optical multi/demultiplexing circuit at
AL{ (= AL4 + 8Ly).

[0167] The amplitude coupling ratios of the optical couplers constituting the phase generating optical coupler, the
optical path length differences of the optical delay lines constituting the phase generating optical coupler and the variable
oL, were optimized by the conjugate gradient method so that the generatedphase difference ®4()) and the target phase
¥, (A) coincided with each other and the amplitude coupling ratio was 0.3. As a result of the optimization, as can be
understood from FIG. 37A, the phase difference ®4()) shown in FIG. 37A was produced by the phase generating optical
couplers 111 and 112 and the phase ¥,(A) was suitably approximated. A phase generating optical coupler (phase
generating optical coupler 111) having this phase difference and the amplitude coupling ratio shown in FIG. 37B was
realized.

[0168] FIG. 38 is a diagram schematically showing a fabricated uniform-wavelength-period lattice-form-filter-type
wavelength reference device in accordance with the present invention. The amplitude coupling ratio of each of optical
couplers 211 to 217, and 311 to 317 constituting the phase generating optical couplers 111 and 113 was set at 6(A;,)
=0.56 ; the optical path length difference of each optical delay lines 231 and 331 of the phase generating optical couplers
111 and 113 at 8l4, = 1.2) ; the optical path length difference of each optical delay lines 232 and 332 at 61, = 0.12A ;
the optical path length difference of each optical delay lines 233 and 333 at 615 =-0.2A ; the optical path length difference
of each optical delay lines 234 and 334 at 61, =-0.2); ; the optical path length difference each of optical delay lines 235
and 335 at 815 = -1.2A ; the optical path length difference of each optical delay lines 236 and 336 at 81g = -1.2A..
[0169] The optical path length differences of the optical delay lines 107 and 108 of the Mach-Zehnder interferometer
each formed of two optical delay elements were setat ALy = AL, = AL’ (= AL + 5L). AL is the optical path length difference
of the optical delay lines of the conventional lattice-form filter. The optical path length difference to be added to the optical
delay lines was set at 5L = -1.81. Also, the amplitude coupling ratio of a directional coupler 310 was set at 0.4.

[0170] The above-described optical multi/demultiplexing circuit was fabricated by forming silica-based optical
waveguides on a silicon substrate 504 by flame hydrolysis deposition, photolithography or reactive ion etching. After the
formation of the optical waveguides, thin film heaters having a width of 70 um and a heater length of 8 mm were formed
as a path length difference adjusting device 401 on the optical waveguides, and the refractive indices of the waveguides
were changed by using the thin film heaters to correct fabrication errors of the optical path length differences of the
optical delay lines.

[0171] The waveguides were made so as to have a relative refractive index difference of 1.5%, a core thickness of
4.5 pm and a core width of 4.5 um. The chip on which this Mach-Zehnder interferometer was fabricated was cut out by
dicing, and an optical module was assembled by connecting dispersion-shifted fibers to the input and output waveguides.
[0172] FIG. 39A shows the transmission characteristics of the conventional wavelength reference device, and FIG.
39B shows the transmission characteristics of the wavelength reference device of the present invention. These optical
characteristics were measured when light was input through the input waveguide 102 and output through the output
waveguide 103. The conventional lattice-form filter cannot be made uniformly periodic on the wavelength axis since it
is uniformly periodic with respect to frequency. On the other hand, the wavelength reference device having a uniform
wavelength period of 40 nm was realized by using the principle of the present invention.

[0173] FIG. 40 shows the deviation of the center point of the passband of the lattice-form filter from the CWDM grid
with respect to the relative wavelength. It can be understood that a large axial deviation occurs in the conventional lattice-
form filter since the conventional lattice-form filter is uniformly periodic with respect to frequency and not uniformly
periodic with respect to wavelength. In contrast, no axial deviation occurs in the uniform-wavelength-period lattice-form
filter of the present invention since the lattice-form filter of the present invention has a uniform wavelength period of 40
nm. Therefore, the lattice-form filter of the present invention is suitable for use as a wavelength reference device for the
CWDM system using a grid periodic in a wavelength region.

[0174] FIG. 41 shows the loss with respect to the relative wavelength. In the conventional lattice-form filter, the loss
is increased on the CWDM grid and the crosstalk characteristic is also deteriorated since the center point of the passband
deviates from the wavelength grid. In the lattice-form filter of the present invention, no loss due to axial deviation occurs
since the center point of the passband just coincides with the wavelength grid.

[0175] Thus, in this embodiment, a uniform-wavelength-period optical multi/demultiplexing circuit was realized in such
a manner that in an interferometer-type optical circuit constituted by a phase generating optical coupler having at least
one input and at least two outputs and an optical delay line coupled to the phase generating optical coupler, a phase
designed to obtain a uniform-wavelength-period characteristic was applied to the optical delay line by a phase generating
device.

[0176] To be more specific, a phase generating optical coupler characterized in that the output phase difference varies
with respect to a passband was used as the phase generating device. More concretely, a lattice-form filter type phase
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generating optical coupler was used as the phase generating optical coupler, and the parameters for designing the
phase generating optical coupler were optimized so that the optical coupler had the desired phase and amplitude coupling
ratio, thus achieving success in enabling the phase generating optical coupler to function as desired. A conventional
lattice-form-filter-type wavelength reference device was transformed into a uniform-wavelength-period lattice-form-filter-
type wavelength reference device as an example of an optical multi’/demultiplexing circuit.

[0177] A suitable phase function may be set as desired according to the transmission characteristics to be obtained.
The present invention is not limited to the uniform-wavelength-period wavelength reference device. For example, the
phase may be designed such that the wavelength periods are different at different wavelength regions. Therefore, a
wavelength reference device having a peak of transmissivity, i.e., a wavelength reference point, set at an arbitrary
position can be realized by suitably setting the phase.

[0178] This embodiment is only an example of a possible use of a phase generating device to modify the optical
characteristics of the conventional optical multi/demultiplexing circuits.

[Eighth Embodiment]

[0179] FIG. 42 shows an optical multi/demultiplexing circuit in an eighth embodiment of the present invention. This
circuit is a two-stage lattice-form filter constituted by N+1 (N = 2) phase generating optical couplers 111 to 113 , N (N =
2) optical delay lines 107 and 108 each interposed between one of adjacent pairs of the phase-generating optical
couplers, two input waveguides 101 and 102 connected to the first phase generating optical coupler 111, and two output
waveguides 103 and 104 connected to the (N+1=3)-th (third) phase generating optical coupler 113.

[0180] Each of the two optical delay lines 107 and 108 is formed by two optical delay elements. The path length
differences of the optical delay lines 107 and 108 are respectively set to AL + 8L and AL, + 8L,. As each of the phase
generating optical couplers 111 to 113, a phase generating optical coupler in which its output phase difference has a
wavelength dependence with respect to a passband is used. These phase generating optical couplers are used as a
phase generating device to apply phases ¥4(L) and W,(A) each having a wavelength dependence to the optical delay
lines 107 and 108. It is possible to freely set the optical characteristics of the optical multi/demultiplexing circuit shown
in FIG. 42 by suitably setting these phases ¥(A) and ¥5(1).

[0181] Aninterleavefilter according to this embodimentin which its transmittance spectrum is transformed from uniform
frequency period into uniform wavelength period, will be described by way of example. If the phase described in the
description of the sixth embodiment is applied to the optical delay line, an interleave filter having a center wavelength
Ac and a wavelength period A\ can be realized. In this embodiment, phase generating optical couplers are used as a
phase generating device to achieve the desired optical characteristics.

[0182] In this embodiment, phase generating optical couplers of a lattice-form filter type are used, the phase ¥4(A) is
applied to the optical delay line 107 by the phase generating optical couplers 111 and 112, and the phase W, (A) is
applied to the optical delay line 108 by the phase generating optical couplers 112 and 113. The optical path length
difference of the first optical delay line 107 was set at AL, = AL where AL is a fundamental optical path length difference,
and the optical path length difference of the second optical delay line 108 was set at AL, = -2AL. The fundamental optical
path length difference AL is equal to the path length difference of a conventional interleave filter of a lattice-form filter type.
[0183] AsshowninFIG. 43B, the phase generating optical coupler 112 was formed by a directional coupler 310 formed
of two optical waveguides placed close to each other and having an amplitude coupling ratio of 0.38. The phase generating
optical couplers 111 and 113 were formed by M;-stage and Ms-stage lattice-form-filter-type phase generating optical
couplers respectively having transfer matrices S and S.

[0184] The design parameters of the phase generating optical couplers were optimized so that the phases ®4(\) and
@,(A) applied to the optical delay lines 107 and 108 and the target phases ¥;(A) and ¥5()) respectively coincided with
each other, and so that the phase generating optical couplers 111 and 113 functions as optical couplers having amplitude
coupling ratios of 0.5 and 0.15, respectively, as described above in the description of the sixth embodiment. As a result
of the optimization, the phase generating optical couplers 111 and 113 were formed as a six-stage lattice-form filter and
a ten-stage lattice-form filter, respectively, as shown in FIGS. 43A and 43C.

[0185] Ifthe number of parameters was smaller, the phase generating optical couplers will become easier to fabricate.
Accordingly, 84, 1(A) = 64, 5(A) = 64 3(A) = 04, 4(A) = 84, 5(A) = 64, () = 84(X) and 63, 1(1) = 03, »(A) = 03, 3(A) = 63, 4(A)
= 03, 5(A) = 03, g(A) = 63, 7(X) = 03, g(A) = 03, g(A) = 63, 19(A) = B3(A) were set as restrictive conditions for optimization.
[0186] Needless to say, these restrictive conditions are not necessary for derivation of parameters for the design of
the phase generating optical couplers, and other restrictive conditions may be set. If the number of stages in each lattice-
form-filter-type phase generating optical coupler is increased, the degree of approximation to the desired characteristics
can be increased. The degree of approximation is also increased by using arbitrary design parameters without imposing
restrictive conditions. However, even when the above-described restrictive conditions were imposed, the design param-
eters were derived with a sufficiently high degree of approximation by optimization.

[0187] Further, if a variable is introduced into the target phase function, it will facilitate the approximation because

23



10

15

20

25

30

35

40

45

50

55

EP 1 830 207 A2

there will be a larger flexibility in the design parameters of the phase generating optical coupler. For this reason, variables
oL and L, were respectively introduced into the phase functions ‘¥4(A) and ¥,(A) for approximation. Needless to say,
the variables are not indispensable to design the phase generating optical couplers, and other variables may be used.
The reason for incorporating 6L and 5L, is that the variables can be easily reflected into the optical multi/demultiplexing
circuit simply by setting the optical path length differences of the optical delay lines 107 and 108 of the optical multi/
demultiplexing circuit at AL (= AL4 + 8L4) and AL, (= AL, + L,), respectively.

[0188] First, the amplitude coupling ratios of the optical couplers constituting the phase generating optical coupler,
the optical path length differences of the optical delay lines constituting the phase generating optical coupler and the
variable 3L, were optimized by the conjugate gradient method so that the generated phase difference ®4() and the
target phase ¥4 (1) coincided with each other and the amplitude coupling ratio was 0.5. As a result of the optimization,
as can be understood from FIG. 44A, the phase difference ®, (1) shown in FIG. 44A was produced by the phase
generating optical couplers 111 and 112 and the phase ¥,(A) was suitably approximated. A phase generating optical
coupler (phase generating optical coupler 111) having this phase difference and the amplitude coupling ratio shown in
FIG. 44B was realized.

[0189] Next, the amplitude coupling ratios of the optical couplers constituting the phase generating optical coupler,
the optical path length differences of the optical delay lines constituting the phase generating optical coupler and the
variable 3L, were optimized by the conjugate gradient method so that the generated phase difference ®,(A) and the
target phase ¥,()) coincided with each other and the amplitude coupling ratio was 0.15.

[0190] As a result of the optimization, as can be understood from FIG. 45A, the phase difference ®,(A) shown in FIG.
45Awas produced by the phase generating optical couplers 112 and 113 and the phase ¥,(A) was suitably approximated.
The phase generating optical coupler (phase generating optical coupler 113) having this phase difference and the
amplitude coupling ratio shown in FIG. 45B was realized.

[0191] The amplitude coupling ratios of optical couplers 211 to 217 and 311 to 321 constituting the phase generating
optical couplers 111 and 113 were respectively set at 6,(1;)=0.64 and 085(A;)=0.55. The optical path length differences
of delay lines 231, 232, 233, 234, 235, and 236 of the phase generating optical coupler 111 were set at 514 1=1.3A,
814 5=0.0, 814 3=-0.4A;, 614 4=0.64;, 814 5=-0.1A;, and 814 g =-1.5A.. Further, the optical path length differences of delay
lines 331, 332, 333, 334, 335, 336, 337, 338, 339, and 340 of the phase generating optical coupler 113 were set at
813 1=0.13A, 8135 = 0.051, 8133 = -0.3), 813 4=0.2h, 8135 = 0.1A, 8135 = 0.24, 8157 = -0.23%, 6135 = -0.31,
813 9= 0.33)A; and 813 4o = -0.51.

[0192] The optical path length differences of the optical delay lines 107 and 108 of the Mach-Zehnder interferometer
formed of two optical delay elements were setat ALy = AL + 8L, AL, =-2AL + 8L,. AL is the optical path length difference
of the optical delay lines of the conventional lattice-form filter. The optical path length differences to be added to the
optical delay lines were set at 8L, = -1.6A; and 8L, =-3.3A.. The amplitude coupling ratio of a directional coupler 310
was set at 0.38.

[0193] The above-described optical multi/demultiplexing circuit was fabricated by forming silica-based optical
waveguides on a silicon substrate 504 by flame hydrolysis deposition, photolithography or reactive ion etching. After the
formation of the optical waveguides, thin film heaters having a width of 40 wm and a heater length of 5 mm were formed
as a path length difference adjusting device 401 on the optical waveguides, and the refractive indices of the waveguides
were changed by using the thin film heaters to correct fabrication errors of the optical path length differences of the
optical delay lines.

[0194] The waveguides were made so as to have a relative refractive index difference of 1.5%, a core thickness of
4.5 pm and a core width of 4.5 pm. The chip on which this Mach-Zehnder interferometer was fabricated was cut out by
dicing, and an optical module was assembled by connecting single-mode fibers to the input and output waveguides.
[0195] FIG. 46 shows the transmission characteristics of the lattice-type interleave filter of the present invention. The
characteristic relating to light which is input through the input waveguide 102 and output through the output waveguide
103 is indicated as "CROSS" , while the characteristic relating to light which is input through the input waveguide 102
and output through the output waveguide 104 is indicated as "THROUGH". The uniform-wavelength-interval interleave
filter having a uniform wavelength period of 40 nm, i.e., a channel period of 20 nm, was realized by using the principle
of the present invention.

[0196] In the uniform-wavelength-period interleave filter of the present invention, no loss and no crosstalk due to axial
deviation occurred since there is no axial deviation from the CWDM grid. Therefore, the interleave filter of the present
invention is most suitable for use as an optical multi/demultiplexing circuit for the CWDM system.

[0197] Thus, in this embodiment, a uniform-wavelength-period optical multi/demultiplexing circuit was realized in such
a manner that in an interferometer-type optical circuit constituted by a phase generating optical coupler having at least
one input and at least two outputs and an optical delay line coupled to the phase generating optical coupler, a phase
designed to obtain a uniform-wavelength-period characteristic was applied to the optical delay line by a phase generating
device.

[0198] To be more specific, a phase generating optical coupler characterized in that the output phase difference varies
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with respect to a passband was used as the phase generating device. More concretely, a lattice-form filter type phase
generating optical coupler was used as the phase generating optical coupler, and the parameters for designing the
phase generating optical coupler were optimized so that the optical coupler had the desired phase and amplitude coupling
ratio, thus achieving success in enabling the phase generating optical coupler to function as desired. A conventional
lattice-form-filter-type interleave filter was transformed into a uniform-wavelength-period lattice-form-filter-type interleave
filter as an example of an optical multi/demultiplexing circuit.

[0199] The optical multi/demultiplexing circuit of the present invention, usable in a single state, may be used in a state
of being connected to another optical circuit such as arrayed waveguide gratings, or in a state of being integrated with
another optical circuit such as arrayed waveguide gratings on one chip so as to form an optical multidemultiplexing
module, as described above in the description of the fourth embodiment of the presentinvention. The uniform-wavelength-
period optical multi/demultiplexing circuit of the present invention may be combined with a conventional optical circuit
in this manner.

[0200] An arrayed waveguide grating, i.e., an interferometer constituted by an optical multi/demultiplexing device (slab
waveguide) and an optical delay line (array waveguide), is an optical circuit which operates on a principle different from
the principle on which the optical delay line circuit used in each embodiment of the presentinvention operates. Therefore,
the optical characteristics of the arrayed waveguide grating differ from those of the optical delay line circuit of the present
invention. Ordinarily, the optical characteristics of the arrayed waveguide are uniformly periodic with respect to wavelength
period. It is known that the arrayed waveguide grating can be made uniformly periodic with respect to frequency by using
a method different from that in the present invention.

[0201] A method of cascading circuits to reduce crosstalk and wavelength dispersion in a conventional lattice-form
interleave filer has been reported (see, M.Oguma et al., OFC 2002 TuK3). The same effect can be obtained by cascading
uniform-wavelength-period multi/demultiplexing circuits in accordance with the present invention as shown in FIG. 47.
The circuit is arranged so that when an optical signal is input through an input waveguide 103, it is output through an
output waveguides 122 and 124. Also, the circuit is designed so that the center wavelength of an optical multi/demulti-
plexing circuit 801 in a front stage and the center wavelength of optical multi/demultiplexing circuits 802 and 803 in a
rear stage differ by the half-wavelength value. Needless to say, other input and output ports may be used and there are
a number of methods for cascading. Optical multi/demultiplexing circuits in accordance with the present invention may
be cascaded in any configuration.

[0202] If the wavelength period of the optical multi/demultiplexing circuit 801 in the front stage and the wavelength
period of the optical multi/demultiplexing circuits 802 and 803 in the rear stage are made different, a 1 x 4 interleave
filter uniformly periodic with respect to wavelength, as described above in the description of the fifth embodiment can
be realized. Needless to say, any P-input Q-output multi/demultiplexing circuit may be formed.

[0203] This embodiment is only an example of a possible use of a phase generating device to modify the optical
characteristics of the conventional optical multi/demultiplexing circuits.

[Ninth Embodiment]

[0204] The embodiments of the present invention have been described with respect to the optical multi/demultiplexing
circuits used mainly in a wavelength region. However, the principle of the present invention can be applied not only in
a wavelength region but also in an optical frequency region. This embodiment will be described with respect to an
example of such an application.

[0205] As described above in the description of the sixth embodiment, the transmission characteristics of an optical
delay line circuit constituted by optical couplers and optical delay lines can be expressed by the following equation:

& - j2mgnAL ~
X(f)= 3, exp(—’z’“’ f) (22)

P c
where n is a refractive index having an optical frequency dependence, AL is the path length difference, c is the speed
of light, and fis the optical frequency. A conventional optical delay line circuit is uniformly periodic in an optical frequency
region, and its transmission characteristics are characterized by an optical frequency period Af and a center optical
frequency fc. However, only the optical path length difference AL can be set freely in the conventional optical delay line
circuit. Therefore, the optical frequency period Af and the center optical frequency fc cannot be set simultaneously; only
one of them can be set.
[0206] More specifically, the path length difference AL is related to the optical frequency period Af and the center
optical frequency fc as shown by the following two equations:
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C

AL =5 (24)

where m is an integer and Ng is a group refractive index. Equations (23) and (24) are substituted in equation (22) to
obtain the following equations for the transmission characteristics:

X(f)=2xqexp iﬁ"—z’;—fﬁ-f (25)

X(f)=2xq exp(—"—;’;-zﬁf"ﬁf) (26)

where nc is the refractive index at the center optical frequency, Ngc is the group refractive index at the center optical
frequency. According to equation (25), the optical frequency period can be set to an arbitrary value and an optical multi/
demultiplexing circuit uniformly periodic with respect to frequency and having the optical frequency period Af can be
formed. However, the center optical frequency cannot be set. On the other hand, according to equation (26), the center
optical frequency can be set to an arbitrary value and an optical multi/demultiplexing circuit uniformly periodic with respect
to frequency and having the center optical frequency fc can be formed. However, the optical frequency period cannot
be set.

[0207] FIGS. 48A and 48B shows a concrete example of the deviation from an optical frequency grid of the center
point of the passbands in the transmission characteristics of a conventional Mach-Zehnder interferometer having an
optical frequency period of 800 GHz. Here, the optical frequency grid is assumed to have a center optical frequency of
191 THz and an optical frequency period of 800 GHz.

[0208] FIG. 48A shows the amount of axial deviation in the case of designing using equation (25), and FIG. 48B shows
the amount of axial deviation in the case of designing using equation (26). Referring to FIG. 48A, the amount of axial
deviation is constant with respect to the optical frequency since the optical frequency period is set at 800 GHz, but the
amount of axial deviation from the optical frequency grid is large since the center optical frequency cannot be set.
Referring to FIG. 48B, the amount of deviation from the optical frequency grid is zero at the center of the frequency
region since the center optical frequency is set at 191 THz, but the amount of axial deviation from the optical frequency
grid is large at both ends of the frequency region.

[0209] Thus, the conventional optical delay line circuit is ordinarily capable of setting either the optical frequency period
Af or the center optical frequency fc, but incapable of simultaneously setting both of them at arbitrary values. Needless
to say, in a special case where f;=msNg Af/n; (ms: an integer) is satisfied, both the optical frequency period Af and the
center optical frequency fc can be set simultaneously. However, both the optical frequency period Af and the center
optical frequency fc can be set only in such a special case.

[0210] In this embodiment, a phase generating device having an optical frequency dependence is applied to enable
both the optical frequency period Af and the center optical frequency fc to be set simultaneously at arbitrary values, as
described below. The transmission characteristics of the optical delay line circuit of the presentinvention can be expressed
as:

X<f>=quexp{—jznq[”“"f—w)]} (27)

7 c
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where c is the speed of light, AL’ is the path length difference of the optical delay line, and ¥(f) is the phase generated
by the phase generating device. From this equation, it can be understood that the transmission characteristics of the
optical multi/demultiplexing circuit can be freely changed by suitably setting the phase ¥(f) having an optical frequency
dependence. In this embodiment, a uniform-frequency-period optical delay line circuit having a transmission spectrum
with optical frequency period Af and center optical frequency fc, for example, is to be obtained. Therefore, the nonlinear
phase ¥(f) shown by the following equation may be applied to the optical delay line of the optical delay line circuit.

_[nlaL+ar) 11, (. _f)
‘I’(f)—[ - Af]f (m Af) (28)

where 8L (= AL’ - AL) is a microscopic path length difference, AL is the path length difference of the conventional Mach-
Zehnder interferometer, and mc is an integer.

[0211] The above-described principle is applied to a conventional Mach-Zehnder interferometer, which is an example
of an optical delay line circuit, to realize a uniform-frequency-period optical delay line circuit having an arbitrary optical
frequency period and center frequency, as described below. In this embodiment, a phase generating optical coupler is
used as a phase generating device to generate an optical-frequency-dependent phase, whereby the desired optical
characteristics are realized.

[0212] FIGS. 49 shows a concrete example of the deviation from an optical frequency grid of the center point of the
passband in the transmission characteristics of the Mach-Zehnder interferometer having an optical frequency period of
800 GHz when the phase expressed by equation (28) is applied to the optical delay line of the Mach-Zehnder interfer-
ometer. It can be understood that since the center optical frequency is set at 191 THz and the optical frequency period
is set at 800 GHz, the center point just coincides with the optical frequency grid so the axial deviation from the optical
frequency grid is eliminated.

[0213] An interferometer type phase generating optical coupler constituted by optical couplers and optical delay lines
was used. More specifically, in this embodiment, a lattice-form filter type optical multi/demultiplexing device constituted
by M+1 (M: an integer equal to or larger than 1) optical couplers and M optical delay lines each interposed between
adjacent pairs of the optical couplers.

[0214] The advantage of using an optical multi/demultiplexing device of this construction as a phase generating device
resides in that the lattice-form filter theoretically has no loss, and that it is possible to make the optical multi/demultiplexing
device function as a phase generating optical coupler by suitably setting the power coupling ratios (amplitude coupling
ratios) of the M+1 optical couplers and the optical path length differences of the M optical delay lines. Also, a directional
coupler formed of two optical waveguides placed close to each other is used as each optical coupler.

[0215] The transfermatrix of the n-th two-input two-output lattice-form-filter-type phase generating optical coupler of
the optical multi/demultiplexing circuit in accordance with the present invention can be written as equation (12) shown
above in the description of the sixth embodiment. In the equation, z is a complex variable replaced for exp(jmd1/c).
[0216] Inthe equation (12), S, ,(p = 1 to My) is the transfer matrix of the fundamental circuit component formed of the
p-th optical coupler and the p-th optical delay line:

~ jafdl — jofol
cosd, , exp ——]—]—il’—’— —jsinﬁw exp ——]j{—"’f—
= 29
| e, e, (29)
~ jsing,  exp| ——— cosf, , exp| ——
¢ c

where 00 is the amplitude coupling ratio of the p-th optical coupler in the n-th lattice-form-filter-type phase generating
optical coupler, more specifically the angular expression of the optical-frequency-dependent amplitude coupling ratio.
[0217] The phase applied to the optical delay line of the Mach-Zehnder interferometer with the phase difference created
by the phase generating optical couplers is shown by

|- el £ @)+ arel Fy(2) |- argl . (2)|-arel ., )} (30)

s,(F)0:(1)] -
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[0218] In the Mach-Zehnder interferometer of the present invention having an arbitrary optical frequency period and
center optical frequency, one of the two optical couplers may be formed as a phase generating optical coupler or both
ofthe two optical couplers may be formed as a phase generating optical coupler. In this embodiment, two phase generating
optical couplers identical with each other were used and were placed so as to be line-symmetric about the middle point
of the optical delay line of the Mach-Zehnder interferometer, as described above in the description of the first embodiment.
[0219] In this case, since the relations H{«(z) = H,«(z) =H«(z) and -F1«(z) = F,(z) = -F*(z) are satisfied, equation (30)
can be simplified into:

ol (o)) E=E ‘(z)if wH@F (5,

Therefore, the Mach-Zehnder interferometer capable of simultaneously setting the optical frequency period Af and the
center optical frequency fc at arbitrary values can be realized by setting the phase generating optical couplers so that
the phase generated by the phase generating optical couplers as shown by equation (31) is identical to equation (28),
and so that the phase generating optical couplers function as 3-dB optical couplers having an amplitude coupling ratio
of 0.5.

[0220] In this embodiment, the phase generating optical couplers are placed so as to be line-symmetric about the
center of the optical delay line of the Mach-Zehnder interferometer. As a result of the optimization, each phase generating
optical coupler was formed as a three-stage lattice-form filter. If the number of parameters was smaller, the phase
generating optical coupler will become easier to fabricate. Accordingly, 8, 1(A)= 84, 2(A) = 84, 3(A) = 85, 1(A) =05 »(A) =
05, 3(A) = 6(A) was set as a restrictive condition for optimization.

[0221] Needless to say, this restrictive condition is not necessary for derivation of parameters for the design of the
phase generating optical coupler, and other restrictive conditions may be set. Also, the two phase generating optical
couplers of the Mach-Zehnder interferometer may be designed differently from each other, and only one of them may
be designed to function as a phase generating device. While a three-stage lattice-form filter was used as a phase
generating optical coupler having a phase generating function in this embodiment, a two-stage lattice-form filter, a lattice-
form filter having four or more stages or one-stage lattice-formfilter, i.e., a Mach-Zehnder interferometer, may alternatively
be used. Needless to say, any other optical multi/demultiplexing device may be made to function as the phase generating
optical coupler.

[0222] Furthermore, a variable may be introduced into the target phase function to facilitate the approximation because
there will be a larger flexibility in the design parameters of the phase generating optical coupler. Therefore, a variable
oL, was introduced into the phase function for approximation. Needless to say, the variable is not indispensable to design
the phase generating optical coupler, and a variable other than this may be used. The reason for incorporating oL, is
that the variable can be easily reflected into the optical multiidemultiplexing circuit simply by setting the path length
difference of the optical delay line of the optical multi/demultiplexing circuit at AL (= AL + 8L,).

[0223] The amplitude coupling ratios of the optical couplers constituting the phase generating optical coupler, the
optical path length differences of the optical delay lines constituting the phase generating optical coupler and the variable
oL, were optimized by the conjugate gradient method so that the generatedphase difference ®4()) and the target phase
¥, (A) coincided with each other and the amplitude coupling ratio was 0.5.

[0224] As a result of the optimization, the phase difference ®4(A) shown in FIG. 50A was produced by the phase
generating optical couplers 111 and 112 and the phase ¥4(A) was suitably approximated. Fig. 50B shows the non-linear
term of the phase extracted from Fig. 50A. A good correspondence between the target phase and the phase created
by the phase generating optical coupler can be recognized.

[0225] Also, the phase generating optical couplers were capable of functioning as an optical coupler having an am-
plitude coupling ratio of 0.5, as shown in FIG. 51.

[0226] FIG. 52 is a diagram schematically showing the fabricated Mach-Zehnder interferometer in accordance with
the present invention. The amplitude coupling ratio of each optical couplers 201 to 204, and 301 to 304 constituting the
phase generating optical couplers 111 and 112 was set at 6(A;)=0.3; the optical path length difference of each optical
delay lines 205 and 305 of the phase generating optical couplers 111 and 112 was set at 614 = -0.2) ; the optical path
length difference of each optical delay lines 206 and 306 was set at 31, = 0.31; ; and the optical path length difference
of each optical delay lines 207 and 307 was set at 515 = 0.6A.

[0227] The path length difference of the optical delay line 107 of the Mach-Zehnder interferometer formed of two
optical delay elements was set at AL;. = AL, + 8L4. AL, is the path length difference of the optical delay line of the
conventional Mach-Zehnder interferometer. The path length difference added to the optical delay line was set at 6L, =
1AL

[0228] The above-described optical multi/demultiplexing circuit was fabricated by forming silica-based optical
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waveguides on a silicon substrate 504 by flame hydrolysis deposition, photolithography, and reactive ion etching. After
the formation of the optical waveguides, thin film heaters having a width of 70 wum and a heater length of 2 mm were
formed as a path length difference adjusting device 401 on the optical waveguides, and the refractive indices of the
waveguides were changed by using the thin filmheaters to correct fabrication errors of the optical path length differences
of the optical delay lines. The waveguides were made so as to have a relative refractive index difference of 0.75%, a
core thickness of 7 wm and a core width of 7 um. The chip on which this Mach- Zehnder interferometer was fabricated
was cut out by dicing, and an optical module was assembled by connecting single-mode fibers to the input and output
waveguides.

[0229] FIG. 53 shows the optical characteristics of the fabricated Mach-Zehnder interferometer module of the present
invention. The characteristic relating to light which is input through the input waveguide 102 and output through the
output waveguide 103 is indicated as "CROSS", while the characteristic relating to light which is input through the input
waveguide 102 and output through the output waveguide 104 is indicated as "THROUGH". The optical multi/demulti-
plexing circuit having an optical frequency period of 800 GHz and a center optical frequency of 191 THz was realized
by using the principle of the present invention. Needless to say, the optical frequency period and the center frequency
may be set at 100 GHz and 191 THz, respectively, for adaptation to the ITU grid.

[0230] FIG. 54 shows the deviation of the center point of the passbands of the Mach-Zehnder interferometer from an
optical frequency grid (having an optical frequency period of 800 GHz and a center optical frequency of 191 THz) with
respect to the optical frequency. No axial deviation occurred in the Mach-Zehnder interferometer of the present invention,
and the characteristics shown in FIG. 49 were realized, as expected from the theory.

[0231] Thus, in this embodiment, an optical multi/demultiplexing circuit capable of simultaneously setting the optical
frequency period and the center optical frequency to arbitrary values was realized in such a manner that in an interfer-
ometer-type optical circuit constituted by a phase generating optical coupler having at least one input and at least two
outputs and an optical delay line coupled to the phase generating optical coupler, an optical-frequency-dependent phase
was applied to the optical delay line by a phase generating device.

[0232] To be more specific, a phase generating optical coupler characterized in that the output phase difference varies
with respect to a passband (having an optical frequency dependence) was used as the phase generating device. More
concretely, a lattice-form filter type phase generating optical coupler was used as the phase generating optical coupler,
and the parameters for designing the phase generating optical coupler were optimized so that the optical coupler had
the desired phase and amplitude coupling ratio, thus achieving success in enabling the phase generating optical coupler
to function as desired. The present invention is useful not only in the wavelength region but also in the optical frequency
region.

[0233] Needless to say, the above-described series of design algorithms for the process of deriving the phase for
realization of the desired characteristics and optimizing the parameters for designing the phase generating optical coupler
by numerical analysis is one possible method for implementation of the present invention, and any other method, e.g.,
a method such as those described in the first embodiment where the target phase was derived directly from the trans-
mittance spectra, may be used.

[0234] The target phase function is not limited to the one described in this embodiment, and other phase functions
can be used to obtain the desired characteristics. Moreover, the present invention is not limited to optical multi/demul-
tiplexing circuit capable of setting the optical frequency period and the center optical frequency simultaneously at arbitrary
values. For example, the phase may be designed such that the frequency periods are different at different frequency
regions.

[0235] Further, the way in which the phase is expressed is not uniquely determined. A plurality of ways of expression
are possible for realization of the same characteristic. For example, the phase can be expressed as:

n(AL +6L) 1 m,
T . N f+ 5 (32)

Y(f)=

when fc‘ =ms,'Af/2 o

[0236] FIG. 55 shows the deviation from an optical frequency grid of the center point of the passband in the transmission
characteristics of a Mach-Zehnder interferometer having an optical frequency period of 800 GHz when the phase set
as described above is applied to the optical delay line of the Mach-Zehnder interferometer. The center optical frequency
and the optical frequency period of the optical frequency grid are set at 190.8 THz and 800 GHz, respectively.
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[0237] Equation (32) can be used since fC = m;Af/Z is satisfied. It can be understood that the center point of the

passband just coincides with the optical frequency grid and the axial deviation from the optical frequency grid is zero.
[0238] This embodiment is only an example of a possible use of a phase generating device to modify the optical
characteristics of the conventional optical multi/demultiplexing circuits.

[Tenth Embodiment]

[0239] In the above-described embodiments of the present invention, a lattice-form filter type optical multi/demulti-
plexing device constituted by M+1 (M: an integer equal to or larger than 1) optical couplers and M optical delay lines
each interposed between adjacent pairs of the optical couplers was mainly used as a phase generating device. This is
because the lattice-form filter theoretically has no loss, and because it is possible to make lattice-form filter type optical
multi/demultiplexing device function as a phase generating optical coupler by suitably setting the power coupling ratios
(amplitude coupling ratios) of the M+1 optical couplers and the optical path length differences of the M optical delay
lines. Also, a directional coupler formed of two optical waveguides placed close to each other was used as the optical
coupler because the amplitude coupling ratio of the directional coupler can be changed simply by adjusting the coupling
length of the directional coupler.

[0240] However, an optical multi/demultiplexing device formed by cascading lattice-form filters or any other interfer-
ometer-type optical multi/demultiplexing device constituted by an optical coupler and an optical delay line may be used
as a phase generating device. This embodiment will be described with respect to the configuration of other examples
of phase generating devices. The principle of the present invention can be applied regardless of the configuration of the
phase generating device, and usable phase generating devices are not limited to the described configurations in the
embodiments of the present invention.

[0241] FIG. 56 shows a phase generating device in a tenth embodiment of the presentinvention. This phase generating
device is constituted by M+1 (M: an integer equal to or larger than 1) optical couplers 201 to 204, M optical delay lines
205 to 207 each interposed between adjacent pairs of the optical couplers 201 to 204, an input port connected to the
first optical coupler 201, and an output port connected to the (M+1)-th optical coupler 204. A directional coupler formed
of two optical waveguides placed close to each other was used as the optical couplers 201 to 204. Needless to say, any
other kinds of coupler, e.g., a multimode interference coupler, a variable coupler, an X-branch coupler and a Y-branch
coupler may be used. An interferometer type optical coupler may also be used. In this embodiment, a stabilized optical
coupler capable of obtaining an amplitude coupling ratio with stability against manufacturing variation (see M. Oguma
et al., OFC 2002 TuK3) was used, as shown in FIG. 56.

[0242] The stabilized optical coupler is a lattice-form circuit formed of four optical couplers (directional couplers) 211
to 214 and three optical delay lines 231 to 233), and the circuit of the stabilized optical coupler as a whole functions as
a coupling element. The amplitude coupling ratio of each optical couplers (directional couplers) 211 to 214 is set at 0.5,
and the optical path differences of the optical delay lines 231, 232, and 233 are set at Ac/4, vy, and -Ac/4 (Ac: center
wavelength), respectively. The amplitude coupling ratio of the stabilized coulter can be set by adjusting the value of v.
If such an optical coupler is used as each optical couplers 201 to 204 constituting the phase generating optical coupler
111, the tolerance to manufacturing errors is increased.

[0243] A phase generating optical coupler was realized by optimizing the amplitude coupling ratios of the optical
couplers constituting the optical multi/demultiplexing device 111, i.e., the stabilized couplers 201 to 204, and the optical
path length differences of the optical delay lines 205 to 207 constituting the optical multi/demultiplexing device 111.

[First Modification of Tenth Embodiment]

[0244] FIG. 57 shows a phase generating device in a first modification of the tenth embodiment of the present invention.
An optical multi/demultiplexing device 114 shown in FIG. 57 is constituted by a plurality of optical multi/demultiplexing
devices 111, 112, and 113. More concretely, the optical multi/demultiplexing devices 112 and 113 are connected to two
output ports of the optical multi/demultiplexing device 111 in a cascading manner. The optical multi/demultiplexing device
114 is a phase generating optical coupler. Also, each of the optical multi/demultiplexing devices 111, 112, and 113 is a
phase generating optical coupler. Thus, a plurality of optical multi/ldemultiplexing devices each functioning as a phase
generating optical coupler may be used to form any P-input Q-output (P, Q : a natural number) phase generating optical
coupler.

[0245] The arrangement shown in FIG. 57 is a four-input four-output phase generating optical coupler. However, any
ports may be used as an input port or an output port. In the embodiments of the present invention, light is input through
one input port of the phase generating optical coupler and the amplitude coupling ratio and the phase difference of light
output from two output ports are used for the function of the phase generating optical coupler. However, the numbers
of input and output ports are freely selected as in this embodiment. For example, in a case where four output ports are
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provided, the amplitude coupling ratios and the relative phase differences of light output from the output ports can be
defined.

[0246] FIG. 58 shows an optical multi/demultiplexing circuit using the optical multi/demultiplexing device 114 shown
in FIG. 57. This circuit is a Mach-Zehnder interferometer constituted by N+1 (N = 1) phase generating optical couplers
114 and 115, N (N = 1) optical delay line 107 interposed between the adjacent pair of the phase-generating optical
couplers, four input waveguides 101 to 104 connected to the first phase generating optical coupler 114, and two output
waveguides 105 and 106 connected to the (N+1=2)-th (second) phase generating optical coupler 115.

[0247] The optical delay line 107 is formed of two optical delay elements and the optical path length difference thereof
is set to ALy + 8L4. Any phase generating optical coupler can be used as the (N+1=2)-th (second) phase generating
optical coupler 115. In this embodiment, a directional coupler provided as an optical coupler was used. A phase generating
optical coupler whose output phase difference is wavelength dependent or optical frequency dependent with respect to
a passband was used as the first phase generating optical coupler 114. This phase generating optical coupler is used
as a phase generating device to apply a wavelength dependent or optical frequency dependent phase W1 to the optical
delay line 107. The optical characteristics of the optical multi/demultiplexing circuit as shown in FIG. 58 were set as
desired by suitably setting this phase ‘4.

[Second Modification of Tenth Embodiment]

[0248] FIG. 59 shows a phase generating device in a second modification of the tenth embodiment of the present
invention. A phase generating optical coupler 111 shown in FIG. 59 is constituted by optical couplers 201 to 204 and
optical delay elements 251 to 255. The configuration of the phase generating optical coupler 111 may be called a
transversal-form filter type optical multi/demultiplexing circuit in a broad sense.

[0249] This optical multi/demultiplexing circuit is constituted by the optical coupler 201, an input port connected to the
optical coupler 201, the optical delay element 251 connected to one of two output ports of the optical coupler 201, the
optical delay element 254 connected to the other output port of the optical coupler 201, the optical coupler 202 connected
to the optical delay element 254, the optical delay elements 252 and 253 connected to the optical coupler 202, the optical
coupler 203 connected to the optical delay elements 252 and 253, the optical coupler 204 connected to the optical
coupler 203 and the optical delay element 251, and an output port connected to the optical coupler 204.

[0250] The amplitude coupling ratio of the optical couplers constituting the phase generating optical coupler 111 and
the optical path length differences of the optical delay lines are suitably set to enable the phase generating optical coupler
111 to function as desired. Needless to say, there are a plurality of methods for forming the transversal-form filter type
optical multi/demultiplexing circuit. This construction is one of those methods.

[0251] An arrangement such as one shown in FIG. 60 may also be called a transversal-form filter type optical multi/
demultiplexing circuit in a broad sense. This optical multi/demultiplexing circuit is constituted by an optical coupler 201,
an input port connected to the optical coupler 201, an optical delay element 251 connected to one of two output ports
of the optical coupler 201, an optical delay element 254 connected to the other output port of the optical coupler 201,
an optical coupler 202 connected to the optical delay element 254, optical delay elements 252 and 253 connected to
the optical coupler 202, an optical coupler 203 connected to the optical delay elements 252 and 253 and to the optical
delay element 251, and three output ports connected to the optical coupler 203. The optical coupler 203 may be formed
of a three-input three-output multiple mode interferometer or the like or may be formed of a plurality of optical couplers.
The amplitude coupling ratio of the optical couplers constituting the phase generating optical coupler 111 and the optical
path length differences of the optical delay lines are suitably set to enable the phase generating optical coupler 111 to
function as desired.

[Eleventh Embodiment]

[0252] FIG. 61 shows an optical multi/demultiplexing circuit in an eleventh embodiment of the present invention. This
circuit is an N-stage lattice-form filter constituted by N+1 (N: an integer equal to or larger than 1) optical couplers 211
to 215, N optical delay lines 107 to 109 each interposed between adjacent pairs of the optical couplers, two input
waveguides 101 and 102 connected to the first optical coupler 211, and two output waveguides 103 and 104 connected
to the (N+1)-th optical coupler 215.

[0253] Each of the N optical delay lines 107, 108, and 109 is formed of two optical delay elements, and the optical
path length differences thereof are set at AL, + 6L, AL, + 8L,, -, ALy + dLy. Phases ¥4, ¥,, -+, ¥\ each having a
wavelength dependence or an optical frequency dependence with respect to a pass band are applied to the optical delay
lines 107, 108, and 109. The optical characteristics of the optical multiidemultiplexing circuit shown in FIG. 61 can be
set as desired by suitably setting the above-mentioned phases shown above. As a means for applying phases ‘¥1, ‘¥,
-+, ¥y each having a wavelength dependence or an optical frequency dependence, phase generating devices are
provided in the optical delay lines.
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[0254] FIG. 62 shows a state in which phase generating optical couplers 111 to 116 are provided in the pairs of optical
delay elements forming the optical delay lines 107 to 109. As each phase generating optical coupler, a phase generating
optical coupler formed by using optical couplers and optical delay lines can be used.

[0255] FIG. 63 is a diagram schematically showing a Mach-Zehnder interferometer as a simple example of the optical
multi/demultiplexing circuit in this embodiment. This circuit is constituted by N+1=2 optical couplers 211 and 216, N=1
optical delay line 107 interposed between the adjacent pair of the optical couplers, two input waveguides 101 and 102
connected to the first optical coupler 211, two output waveguides 104 and 105 connected to the (N+1)-th optical coupler
216, a phase generating optical coupler 111 inserted in one of the optical delay elements of the optical delay line 107,
an input waveguide 103 connected to the phase generating optical coupler 111 , and an output waveguide 106 connected
to the phase generating optical coupler 111. Thin film heaters provided as path length difference adjusting devices 401
for eliminating fabrication errors are formed in the optical delay line 107. The optical path length difference of the optical
delay line 107 is adjusted to AL, + 8L by the two optical delay elements and the path length difference adjusting devices
401.

[0256] As the phase generating optical coupler 111, a lattice-form phase generating device constituted by optical
couplers 212 to 215 and optical delay lines 231 to 233 each interposed between adjacent pairs of the optical couplers
was used. The amplitude coupling ratios of the optical couplers constituting the phase generating optical coupler 111
and the optical path length differences of the optical delay lines were optimized to generate the phase @, for approximation
to the target phase V.

[0257] Unused input/output ports of the phase generating optical coupler 111 can be used as a monitor port. In the
arrangement shown in FIG. 63, the through ports of the phase generating optical coupler 111 are used. However, the
cross ports may also be used. Needless to say, any P-input Q-output phase generating device may be used.

[0258] In the configuration shown in FIG. 63, one phase generating device is provided in one of the optical delay
elements. Alternatively, a plurality of phase generating devices may be provided in one optical delay element, or a phase
generating device may be provided in each of the two optical delay elements of the optical delay line. Also, each of the
optical couplers 211 and 216 in the Mach-Zehnder interferometer may be formed as a phase generating optical coupler
having a phase generating function, as shown in FIG. 64.

[0259] Methods of providing a phase generating device in an optical delay line in an optical multi/demultiplexing circuit
have been described and a simple configuration of a Mach-Zehnder interferometer has beenillustrated by way of example.

[Twelfth Embodiment]

[0260] FIG. 65 shows an optical multi/demultiplexing circuit in a twelfth embodiment of the present invention. While
filter arrangements such as lattice-form filters and transversal-form filters are being ordinarily used as optical delay line
circuits capable of realizing desired characteristics, a cascaded Mach-Zehnder interferometer described as this embod-
iment is also one of the filter arrangements capable of realizing desired characteristics.

[0261] In this circuit, Mach-Zehnder interferometers, one of which is constituted by two phase generating optical
couplers 111 and 112 and one optical delay line 107 interposed between the adjacent pair of the phase generating
optical couplers are cascaded. Two input waveguides 103 and 104 are connected to the phase generating optical coupler
111 in the first-stage Mach-Zehnder interferometer, an output waveguide 124 is connected to one of two outputs of the
phase generating optical coupler 112, and the second-stage Mach-Zehnder interferometer is connected to the other
output of the phase generating optical coupler 112. One input waveguide 102 is connected to a phase generating optical
coupler 113 of the second-stage Mach-Zehnder interferometer, an output waveguide 123 is connected to one of two
outputs of a phase generating optical coupler 114 of the second-stage Mach-Zehnder interferometer, and the third-stage
Mach-Zehnder interferometer is connected to the other output of the phase generating optical coupler 114. One input
waveguide 101 is connected to an phase generating optical coupler 115 of the third-stage Mach-Zehnder interferometer,
and two output waveguides 121 and 122 are connected to a phase generating optical coupler 116 of the third-stage
Mach-Zehnder interferometer.

[0262] The optical path length differences of optical delay lines 107, 108, and 109 are set at AL’ = AL + 3L, AL,’ =
2-AL + 8Ly, ALy = 3-AL + 8L5. AL is the fundamental optical path length difference of a corresponding conventional Mach-
Zehnder interferometer.

[0263] One or both of the phase generating optical couplers 111 and 112 is formed as a phase generating optical
coupler to apply a phase to the optical delay line, thereby correcting the optical characteristics of the first-stage Mach-
Zehnder interferometer for example making it uniformly periodic with respect to wavelength. One or both of the phase
generating optical couplers 113 and 114 is formed as a phase generating optical coupler to apply a phase to the optical
delay line, thereby correcting the optical characteristics of the second-stage Mach-Zehnder interferometer for example
making it uniformly periodic with respect to wavelength.

[0264] Further, one or both of the phase generating optical couplers 115 and 116 is formed as a phase generating
optical coupler to apply a phase to the optical delay line, thereby correcting the optical characteristics of the third-stage
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Mach-Zehnder interferometer for example making it uniformly periodic with respect to wavelength. If each of the cascaded
Mach-Zehnder interferometers is made uniformly periodic with respect to wavelength, the optical multiidemultiplexing
circuit is made as whole uniformly periodic with respect to wavelength.
[0265] This embodiment is only an example of a possible use of a phase generating device to modify the optical
characteristics of the conventional optical multi/demultiplexing circuits.

[Thirteenth Embodiment]

[0266] FIG. 66 shows an optical multi/demultiplexing circuit in a thirteenth embodiment of the present invention. This
circuitis an interferometer constituted by phase generating optical couplers 111 and 112 each having one or more inputs
and two or more outputs, and an optical delay line formed by optical delay elements 251 to 253 coupled to these phase
generating optical couplers. This circuit is a transversal-form optical multi/demultiplexing circuit in a broad sense.
[0267] More specifically, this circuit is constituted by the phase generating optical coupler 111, one or more input
waveguides 101 and 102 connected to the phase generating optical coupler 111, an optical delay line formed of three
or more optical delay elements 251 to 253, the phase generating optical coupler 112 connected to the optical delay
elements 251 to 253, and one or more output waveguides 103 and 104 connected to the phase generating optical coupler
112.

[0268] One of the phase generating optical couplers 111 and 112 may function in a single state as a phase generating
device, or a plurality of phase generating optical couplers in combination may function as phase generating devices.
These phase generating optical couplers can be used as a phase generating device to apply a wavelength dependent
or optical frequency dependent phase W to the optical delay line. The optical characteristics of the optical multi/demul-
tiplexing circuit shown in FIG. 66 can be set as desired by suitably setting this phase W.

[0269] For example, if a phase generating device is incorporated in the transversal-form optical multi/demultiplexing
circuit, the phase approximated by a nonlinear polynomial as described in the description of the embodiments of the
present invention can be generated to modify the optical characteristics of the interferometer used in a wavelength region
or in a frequency region. Further, in this embodiment, at least one of the phase generating optical couplers constituting
the interferometer has the function of generating a wavelength dependent or optical frequency dependent phase.
[0270] A conventional transversal-form interleave filter uniformly periodic with respect to frequency (see, T.Mizuno et
al., Electron. Lett., vol.38, pp1121-1122 (2002)), which is a concrete example of the optical multi/demultiplexing circuit,
was transformed into a transversal-form interleave filter uniformly periodic with respect to wavelength by using phase
generating devices. As shown in FIG. 67, phase generating optical couplers using combinations of phase generating
optical couplers 113 and 114, and 115 and 116 each constituted by an optical coupler and an optical delay line and
having a phase generating function were used as the phase generating optical couplers 111 and 112.

[0271] The phase generating optical coupler 111 is constituted by the phase generating optical coupler 113 having a
phase generating function, two input ports connected to the phase generating optical coupler 113, one output port
connected to the phase generating optical coupler 113, the phase generating optical coupler 114 connected to the
phase generating optical coupler 113 and having a phase generating function, one input port connected to the phase
generating optical coupler 114 , and two output ports connected to the phase generating optical coupler 114.

[0272] The phase generating optical coupler 112 is constituted by the phase generating optical coupler 115 having a
phase generating function, two input ports connected to the phase generating optical coupler 115, one output port
connected to the phase generating optical coupler 115, the phase generating optical coupler 116 connected to the phase
generating optical coupler 115 and having a phase generating function, one input port connected to the phase generating
optical coupler 116, and two output ports connected to the phase generating optical coupler 116.

[0273] The relative optical path length difference of the optical delay element 251 was set to 0-AL + 0.5\c, the relative
optical path length difference of the optical delay element 252 was set to ALy = AL + 8L = AL + 8L, and the relative
optical path length difference of the optical delay element 253 was set to AL, = AL, + 6L, = 3-AL + 3L,. The amplitude
coupling ratio of the phase generating optical coupler 113 was set at 0.55, the amplitude coupling ratio of the phase
generating optical coupler 114 was set at 0.22, the amplitude coupling ratio of the phase generating optical coupler 115
was set at 0.22, and the amplitude coupling ratio of the phase generating optical coupler 116 was set at 0.5. The phase
generating optical couplers 113, 114, 115, and 116 were used as phase generating optical couplers to apply phase
@, (k) to the optical delay element 252 and phase ®,(A) to the optical delay element 253.

[0274] This embodiment is only an example of a possible use of a phase generating device to modify the optical
characteristics of the conventional optical multi/demultiplexing circuits.

[Modification of Thirteenth Embodiment]

[0275] FIG. 68 shows an optical multi/demultiplexing circuit as an example of modification of the thirteenth embodiment.
This circuit is an interferometer constituted by phase generating optical couplers 111, 112, 113, and 114 each having
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one or more inputs and two or more outputs, and an optical delay line formed by optical delay elements 251 to 255
coupled to these phase generating optical couplers. This circuit is a transversal-form optical multi/demultiplexing circuit
in a broad sense.

[0276] More specifically, this circuit is a transversal-form optical multi/demultiplexing circuit in which phase generating
optical couplers and optical delay elements to be connected to the phase generating optical couplers are interconnected.
Also, a phase generating device having a wavelength dependence or an optical frequency dependence is provided in
at least one of the phase generating optical couplers or the optical delay lines.

[0277] In the example shown in FIG. 68, if the phase generating device is provided in the phase generating optical
couplers, the phase generating optical coupler 111 or 114 may be formed as a phase generating optical coupler char-
acterized by having an output phase difference which varies with respect to a passband. If the phase generating device
is provided in the optical delay line, the phase generating optical coupler 112 or 113 may be formed as a phase generating
optical coupler.

[0278] For example, the phase generating optical coupler 112 is connected to the optical delay element 254 in the
optical delay elements 251 and 254 forming the optical delay line. Therefore, if the phase generating optical coupler 112
is formed as a phase generating optical coupler, the phase generating device can be provided in the optical delay line
formed by the optical delay elements 251 and 254.

[0279] In a concrete example of the optical multi/demultiplexing circuit, the transmission characteristics of a conven-
tional transversal-form interleave filter uniformly periodic with respect to frequency were transformed into a transversal-
form interleave filter uniformly periodic with respect to wavelength.

[0280] FIG. 69 is a diagram schematically showing an optical multi/demultiplexing circuit in a first modification of this
embodiment. This circuit is constituted by a phase generating optical coupler 111, two input waveguides 102 and 103
connected to the phase generating optical coupler 111, two optical delay elements 251 and 254 connected to the phase
generating optical coupler 111, a phase generating optical coupler 112 connected to the optical delay element 254 , one
input waveguide 101 connected to the phase generating optical coupler 112, two optical delay elements 252 and 253
connected to the phase generating optical coupler 112, a phase generating optical coupler 113 connected to the optical
delay elements 252 and 253, one output waveguide 104 connected to the phase generating optical coupler 113, one
optical delay element 255 connected to the phase generating optical coupler 113, a phase generating optical coupler
114 connected to the optical delay element 255 and the optical delay element 251, and two output waveguides 105 and
106 connected to the phase generating optical coupler 114.

[0281] Path length difference adjusting devices 401 were provided on the optical delay elements 251, 252, and 253
and were used to correct fabrication errors in the optical path length differences of the optical delay elements.

[0282] In this arrangement, a phase generating device is provided in each of the phase generating optical couplers
and the optical delay line. More specifically, the phase generating optical couplers 111, 114, 112 and 113 are arranged
to function as phase generating optical couplers, thus providing phase generating devices in the phase generating optical
couplers and the optical delay line formed by the optical delay elements.

[0283] The relative optical path length difference of the optical delay element 251 was set to 0-AL + 0.5\c, the relative
optical path length difference of the optical delay element 252 to 0-AL, the relative optical path length difference of the
optical delay element 254 to AL,. = AL + 8L = AL/2 + 8L, the relative optical path length difference of the optical delay
element 253 to AL, = AL, + 8L, = 2-AL + JL,, and the relative optical path length difference of the optical delay element
255to ALy = ALz + 8L3 = AL/2 + 8L3. The amplitude coupling ratio of the phase generating optical coupler 111 was set
to 0.55, the amplitude coupling ratio of the phase generating optical coupler 112 to 0.22, the amplitude coupling ratio of
the phase generating optical coupler 113 to 0.22, and the amplitude coupling ratio of the phase generating optical coupler
114 to 0.5. The phase generating optical couplers 111 to 114 were used as phase generating optical couplers to apply
phase V(1) to the optical delay element 254, phase ®,(1A) to the optical delay element 253 and phase ®5(A) to the
optical delay element 255.

[0284] Needless to say, the arrangement shown in FIG. 69 is one of the embodiments of the present invention, and
may be modified in other ways. For example, an optical multi/demultiplexing circuit may be formed as shown in FIG. 70.
This circuit is an interferometer constituted by phase generating optical couplers 111 and 112 each having one or more
inputs and two or more outputs, an optical coupler 201, and an optical delay line formed by optical delay elements 251
to 254 coupled to these phase generating optical couplers or optical coupler. This circuit is a transversal-form optical
multi/demultiplexing circuit in a broad sense.

[0285] More specifically, this circuit is constituted by the phase generating optical coupler 111, two input waveguides
102 and 103 connected to the phase generating optical coupler 111, two optical delay elements 251 and 254 connected
to the phase generating optical coupler 111, the phase generating optical coupler 112 connected to the optical delay
element 254, one input waveguide 101 connected to the phase generating optical coupler 112, two optical delay elements
252 and 253 connected to the phase generating optical coupler 112 , the optical coupler 201 connected to the optical
delay line 251, and three output waveguides 104, 105 and 106 connected to the optical coupler 201. Path length difference
adjusting devices 401 were provided on the optical delay elements 251, 252, and 253 and were used to correct fabrication
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errors in the optical path length differences of the optical delay elements.

[0286] While a three-input three-output multiple mode interferometer coupler was used as the optical coupler 201,
any other optical coupler may be used and a plurality of optical couplers may be combined to function as one optical
coupler.

[0287] The phase generating optical couplers 111 and 112 are used as phase generating optical couplers to apply
phases on the optical delay elements 251 to 254, thereby correcting the optical characteristics of the conventional optical
multi/demultiplexing circuit.

[Fourteenth Embodiment]

[0288] FIG. 71A shows an optical multi/demultiplexing circuit in a fourteenth embodiment of the present invention.
Each of the optical multi/demultiplexing circuits described as the embodiments of the present invention as designed
without consideration of polarization, because the polarization dependence of the fabricated circuit was small. However,
if the polarization dependence is large, the circuit may be designed and fabricated by considering polarization to reduce
the polarization dependence. Conversely, a suitable polarization dependence may be created to realize an optical multi/
demultiplexing circuit having a polarization dependence, e.g., a polarization interleave filter or a polarization beam splitter.
[0289] The Mach-Zehnder interferometer shown in FIG. 71A has birefringence adjustment devices 411 and 412.
Suitable birefringence may be caused in the optical delay line to create a polarization dependence in the optical path
length difference, thereby making the optical characteristics of the optical multi/demultiplexing circuit non-polarization
dependent or polarization dependent.

[0290] The birefringence adjustment devices or means for forming the birefringence may be, for example, insertion
of a waveplate, doping waveguides with a dopant, a stress applying thin film, control of the waveguide configuration,
laser irradiation, or a thin film heater. Other means for providing a birefringence may be used.

[0291] Needless to say, birefringence control may be performed not only on the regions shown in FIG. 71A but also
on the entire optical multi/demultiplexing circuit. Also, as shown in FIG. 71B for example, birefringence adjustment
devices may be provided in the optical delay line in an optical multi/demultiplexing section used as a phase generating
device to control the polarization characteristics of the phase generating optical coupler 111. The polarization charac-
teristics of the phase generating device comprise a polarization dependent phase difference and amplitude coupling
ratio. Further, the polarization characteristics of the phase generating optical coupler 111 may be designed in such a
manner that the optical couplers 201 to 204 constituting the phase generating optical coupler 111 are formed as polar-
ization dependent optical couplers to incorporate a polarization dependence of the amplitude coupling ratio. By controlling
the polarization characteristics of the phase generating optical coupler 111, the phase differences ®1g(A) and ®p,(A)
of TE polarization and TM polarization and the amplitude coupling ratios 6g (1) and 61y, (A) of TE polarization and TM
polarization, for example, can be set separately.

[0292] Also, acircuit may be formed so that, as shown in FIG. 72, an optical signal enters the optical multi/demultiplexing
circuit of this embodiment from the second slab of an array waveguide.

[0293] FIG. 73 shows an example of the transmission characteristics of a Mach-Zehnder interferometer type polari-
zation interleave filter. A polarization interleave filter uniformly periodic with respect to wavelengthwas realized by setting
the wavelength period of TE polarization and TM polarization to 40 nm, and applying phases Y1 (A) and ¥, () differing
with respect to TE polarization and TM polarization to the optical delay line so that the center wavelengths of TE
polarization and TM polarization are shifted relative to each other by 1/2 (20 nm) of the wavelength period.

[Fifteenth Embodiment]

[0294] Finite impulse response (FIR) filters were mainly used as the optical delay lines in the embodiments of the
present invention. For example, Mach-Zehnder interferometers, lattice-form filters and transversal-form filters are typical
examples of FIR filers and are being widely used because their transmission characteristics can be designed freely.
However, there are filters other than FIR filers, that is, the infinite impulse response (IIR) filters. The optical characteristics
of IIR filters can be modified by using the principle of the present invention. An optical delay line circuit using a ring
resonator is known as an IIR filter.

[0295] FIG. 74 shows an optical multi/demultiplexing circuit in a fifteenth embodiment of the present invention. This
circuit is one of the simplest configurations for IIR filters. In this circuit, an optical multi/demultiplexing device 114 is
provided in an optical delay line 107 in a Mach-Zehnder interferometer constituted by two phase generating optical
couplers 111 and 112, the optical delay line 107 interposed between the phase generating optical couplers 111 and
112, and input waveguides 101 and 102 and output waveguides 103 and 104 respectively connected to the phase
generating optical couplers 111 and 112, and an optical delay line 108 formed by a ring resonator (optical delay element)
are connected to the Mach-Zehnder interferometer by the optical multi/demultiplexing device 114.

[0296] In this optical multi/demultiplexing circuit, a phase generating device having a wavelength dependence or an
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optical frequency dependence is used to modify the transmission characteristics. A phase generating optical coupler
may be used a phase generating device. A phase generating optical coupler may be provided at least one of the optical
multi/demultiplexing device and the optical delay lines. For example, the phase generating optical coupler 111 or 112
can be made to function as a phase generating device to modify the optical characteristics of this circuit, or a phase
may be supplied by the optical multi/demultiplexing device 114 provided in the optical delay line to modify the optical
characteristics of this circuit. Needless to say, an optical multi/demultiplexing device 113 may be formed on the ring
resonator to function as a phase generating device.

[0297] This embodiment is only an example of a possible use of a phase generating device to modify the optical
characteristics of the conventional IIR filters. The method of the present invention can be applied to any IIR filters.

[Sixteenth Embodiment]

[0298] FIG. 75 shows an optical multi/demultiplexing circuit in a sixteenth embodiment of the present invention. This
circuit is an interferometer constituted by a phase generating optical coupler 111 having one or more inputs and two or
more outputs and an optical delay line 107 connected to the phase generating optical coupler 111. The phase generating
optical coupler 111 is made to function as a phase generating optical coupler having an output phase difference which
has a wavelength dependence or an optical frequency dependence.

[0299] A reflecting plate 811 provided as a device for reflecting light is formed in the optical delay line 107. Light
propagating through the optical delay line is reflected by the reflecting device. Two input/output waveguides 101 and
102 are connected to the optical multi/demultiplexing device 111. Each of the input/output waveguides 101 and 102 can
be used as an input waveguide or an output waveguide.

[0300] FIG. 76 shows a concrete example of this circuit. A lattice-form phase generating optical coupler was used as
phase generating optical coupler 111. Thin film heaters were formed as path length difference adjusting device 401 and
were used to adjust the optical path length difference of the optical delay line.

[Seventeenth Embodiment]

[0301] FIG. 77 shows the configuration of an optical multi/demultiplexing circuit in a seventeenth embodiment. This
circuit is a Mach-Zehnder interferometer using a phase generating function. A groove is formed at a center of an optical
delay line 107 of this circuit, and a thin film 812 is inserted in the groove.

[0302] If a half waveplate is used as the thin film 812, the polarization dependence can be reduced. Thus, a material
different from the material forming the waveguides of the optical multi/demultiplexing circuit can be placed in the optical
path in the waveguides of the optical multi/demultiplexing circuit of the present invention.

[0303] A material other than the thin film can be inserted. For example, a silicon resin may be introduced into the
optical delay line to cancel out the temperature dependence of the refractive index of this circuit. In this manner, the
optical multi/demultiplexing circuit can be made non-temperature dependent. Further, any other materials may be inserted
not only in the optical delay line of the Mach-Zehnder interferometer but also in any other portion, e.g., an optical multi/
demultiplexing device.

[Other Embodiments]

[0304] While the fabrication process in which an optical multi/demultiplexing device having a phase generating function
is fabricated by using silica-based waveguides formed on a silicon substrate has been described in the description of
the embodiments of the present invention (for reference to an example of fabrication, see Kawachi, M. : "Silica
Waveguides on Silicon and Their Application to Integrated-Optic Components’. Opt. Qauntum Electron., 1990, 22, pp.
391-416), the configuration of the optical multi/demultiplexing circuit of the present invention is independent of the kind,
the shape and the material of the optical waveguides.

[0305] For example, the waveguide material may be polyimide , silicon, a semiconductor, LiNbO3, or the like. The
substrate material may be a silica-based material or the like. The present invention can be applied to a device manu-
factured by spin coating, sol-gel processing, sputtering, chemical vapor deposition, ion diffusion, ion beam direct writing,
or the like.

[0306] The optical multi/demultiplexing device having the phase generating function described above with respect to
use in one of the embodiments of the present invention may be used, for example, in an optical communication system
shown in FIG. 78. When an optical signal is input to an optical multi/demultiplexing circuit 801 equipped with the phase
generating devices in accordance with the presentinvention, itis wavelength-division-multiplexed. The multiplexed signal
propagates through an optical fiber 807 and is demultiplexed in an optical multidemultiplexing circuit 802 equipped with
the phase generating devices in accordance with the present invention to be received in correspondence with wave-
lengths.
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[0307] An optical module including the optical multi/demultiplexing circuit equipped with the phase generating devices
described with respect to use in one of the embodiments of the present invention was assembled as described below.
As shown in FIG. 79, a Peltier supporting plate 702 for the optical module is fixed by fixing screws 703 on an inner portion
of a module frame 701 having high thermal conductivity. A Peltier element and a temperature sensor (thermocouple)
are placed close to each other in a recess (not shown) formed in the Peltier supporting plate 702 by machining. The
Peltier element and the temperature sensor are placed in such positions (not shown) that an optical multi/demultiplexing
circuit (PLC chip) 704 equipped with the phase generating devices is placed immediately above the Peltier element and
the temperature sensor.

[0308] Glass plates 705 are bonded to end portions of the PLC chip 704 by an adhesive so as to be optically coupled
to fiber blocks 707 on which fibers 706 are held. The fibers 706 are bonded by a heat insulating elastic adhesive 708 to
recessed portions formed in edges of the module frame 701, and fiber boots 710 having fiber cords 709 are held by
being fitted in the module frame 701. The PLC chip 704 is bonded to the Peltier supporting plate by heating insulating
adhesive 708. Finally, a cover member is placed so as to cover the chip, etc., and is fixed with screws, thus assembling
the optical module of the present invention. The cover member and screw-fixed portions are not shown in the figure.
[0309] The optical multi/demultiplexing circuits in accordance with the present invention may be fabricated on different
chips. These chips may be directly connected to form one integral chip or a plurality of chips may be optically coupled
to complete the optical module. Also, separate optical modules may be fabricated on different chips and connected to
each other by fibers to obtain the same characteristics as those of the one integral module.

[0310] An optical module (not shown) formed by holding two or more chips such as those described above on a Peltier
supporting plate in one module frame also had the same characteristics. Further, optical waveguides may be formed,
for example, by using a stacked waveguide, an optical fiber or the like, and may be formed by combining different kinds
of optical waveguides, e.g., a planar optical waveguide and an optical fiber.

[0311] Agrating may be formed in the optical waveguide. An optical waveguide may be divided or cut at an intermediate
position, and it can be a segmented waveguide.

[0312] Needless to say, the optical multi/demultiplexing circuit of the present invention is not limited to waveguides.
An interferometer in accordance with the present invention may be formed in a spatial optical system in which light
propagates through air. For example, such a spatial optical system may be constituted by a total reflection mirror or a
multilayer film.

[0313] FIG. 80 shows an example of the configuration of a Mach-Zehnder interferometer using a spatial optical system.
As shown in FIG. 80, an optical multi/demultiplexing device similar to that having a circuit constituted by a waveguide
can also be realized by using a spatial optical system. The optical multi/demultiplexing circuit in each of the above-
described embodiments is one of the examples of the configurations in accordance with the present invention, and the
present invention is not limited to the described configurations.

[0314] The phase generating optical coupler constituted by the optical delay line and the optical coupler used in the
above-described embodiments is only an example of the phase generating device whose phase characteristics are
wavelength dependent or optical frequency dependent. A different phase generating device having an output phase
difference which varies with respect to passbands may also be used.

[0315] As the optical coupler constituting the above-described phase generating device, any of various kinds of cou-
plers, e.g., a multimode interference coupler, a variable coupler, an X-branch coupler and a Y-branch coupler other than
the directional coupler may be used.

[0316] The values of the amplitude coupling ratios set for the above-described phase generating optical couplers and
the values of the optical path length differences of the optical delay lines are also an example. For example, the amplitude
coupling ratios r1, r2, r3, and r4 of the optical couplers constituting the phase generating optical coupler shown in FIG.
10 were set equal to each other. However, these values may differ from each other.

[0317] While square waveguides were used in each of the embodiments of the present invention, the waveguides
used in the embodiments may have any other shape, e.g., a rectangular shape, a polygonal shape or a circular shape.
[0318] For example, the core width of a portion of the optical waveguide may be changed to set the refractive index
of the portion different from the refractive index of the other portions.

[0319] Further, if the structure and the material of the waveguide, stress in the waveguide, etc., are selected so that
the wavelength dependence of the refractive index of the waveguide is changed, the optical waveguide itself can be
used as a phase generating device.

[0320] In conventional optical multi/demultiplexing circuits, such as Mach-Zehnder interferometers, lattice-form filters,
transversal-form filters, and ring resonators, constituted by an optical delay line and an optical coupler, the intervals
between transmission wavelengths are not uniform and the deviation from the wavelength grid is increased at a position
remoter from the center wavelength, that is, there is uniform periodicity with respect to frequency. The present invention
provides an optical multi/demultiplexing circuit equipped with a phase generating devices to transform the transmittance
spectra from periodicity with respect to frequency to periodicity with respect to wavelength.

[0321] According to the principle of the designing, a circuit is formed which separates the above-mentioned deviation
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from a uniform wavelength period in upper and lower sections of the operating wavelength region into a linear portion
and a nonlinear portion, computes the average amounts of deviation with respect to the linear portion, and corrects the
deviation by phase adjustment. On the other hand, a plurality of Mach-Zehnder elements are cascaded to fit the non-
linear portion to a polynomial of degree 2 or a higher degree. These correction methods are combined to correct the
deviation.

[0322] Also, @ to be generated by the phase generation device for approximation to a target phase ¥ is designed to
enable correction of the optical characteristics of the conventional optical multiidemultiplexing circuit.

[0323] If the phase generation device is designed to function as an optical coupler of amplitude coupling ratio O, it
can be made to function as a phase generating optical coupler.

[0324] According to the present invention, as described above in detail, an optical multi/demultiplexing circuit equipped
with a phase generating devices usable in a uniform-wavelength-period CWDM system can be realized. A device for
changing the optical path length difference AL with respect to a grid in a Mach-Zehnder interferometer is provided by
means of an optical coupler portion, thereby adjusting a passband to the grid. This device ensures that in the optical
multi/demultiplexing circuit of the present invention the passband is on the grid and, therefore, the insertion loss, the
passband width and the extinction ratio are constant at different wavelengths. Thus, the wavelength dependence is small.
[0325] Also a conventional optical multi/demultiplexing circuits had a problem that only one of the optical frequency
period or the center optical frequency can be set simultaneously, so the transmission characteristics becomes deteriorated
even in the case where it is used in an optical frequency region. However, an optical multi/demultiplexing circuit capable
of setting both the optical frequency period and the center optical frequency can be realized by using the phase generating
device of the present invention.

[0326] The present invention has been described in detail with respect to preferred embodiments, and it will now be
apparent from the foregoing to those skilled in the art that changes and modifications may be made without departing
from the invention in its broader aspect, and it is the intention, therefore, in the apparent claims to cover all such changes
and modifications as fall within the scope of the invention.

Claims

1. An optical multi/demultiplexing circuit that is arranged to multi/demultiplex a plurality of optical signals in a whole
passband, the whole passband being configured with a plurality of passbands, the optical multi/demultiplexing circuit
comprising:

at least two optical multi/demultiplexing devices (111, 112, 113, 114, 115), wherein a first one includes at least
one input section (101, 102) and at least two output sections and a second one includes at least two input
sections and a plurality of output sections (103, 104), and

at least one optical delay line device (107, 108) interposed between said optical multi/demultiplexing devices
(111,112, 113, 114, 115); characterized in that

at least one of said optical multi/demultiplexing devices includes a phase generating device; wherein said phase
generating device is arranged to generate an optical frequency-dependent phase defined as a phase difference
between two optical signals output from two of said plurality of output sections of the optical multidemultiplexing
device, wherein one or more phase generating device is arranged to generate a resulting optical frequency
dependent phase ® which provides a quadratic or higher order polynomial optical frequency dependency or an
optical frequency dependency according to a Gaussian function, and which sets an optical frequency period
between said passbands and a center frequency of said whole passband at desired values independently.

2. The optical multi/demultiplexing circuit as claimed in claim 1, wherein a transmission characteristic of the optical
multi/demultiplexing circuit in the whole passband is given by an equation as follows:

X(f) =§_}x, eﬂm{—jzm["—;‘gf -—‘.P(J)]} '(2,7)

where N represents the order of the optical multi/demultiplexing circuit, x, represents the expansion coefficients, n
represents a frequency-dependent refractive index, ¢ represents the speed of the light, f represents an optical
frequency, ¥(f) represents a target optical frequency-dependent phase which is required to set the optical frequency
period between the centers of the adjacent passbands on the optical frequency-domain grid, and AL’ (=AL+4L)
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represents the path length difference of the optical delay line device, where AL is a fixed value and L is a minute
optical path length difference, which is a variable changed according to the design of the phase generating device,
wherein the optical frequency-dependent phase ® generated by said one or more phase generating device is equal
to the target optical frequency-dependent phase ¥(f).

The optical multi/demultiplexing circuit as claimed in claim 2, wherein the optical frequency-dependent phase ®
generated by said phase generating device is given by a function of an optical frequency (f) of light in the whole
passband of said optical multi/demultiplexing circuit, and

wherein the functions are a polynomial consisting of a quadratic or higher order function, and the said target optical
frequency-dependent phase ¥(f) is given by an equation as follows:

‘P(f)=[ﬂfg~z‘l},—]f:—-( %]

where Af represents the optical frequency period of the optical multi/demultiplexing circuit on the optical frequency-
domain grid, f, represents a center optical frequency of one of the passbands of the optical multi/demultiplexing
circuit located near the center of the whole passband, and m, represents an integer.

The optical multi/demultiplexing circuit as claimed in claim 1, wherein said phase generating device comprises (M
+ 1) optical couplers (201...204, 301...304) and M optical delay lines (205, 206, 207, 305, 306, 307) interposed
between said optical couplers (201...204, 301...304), where M is an integer equal to or greater than two,

wherein the optical frequency-dependent phase ® is generated by appropriately setting respective coupling ratios
of the optical couplers and respective optical path length differences of the optical delay lines.

The optical multi/demultiplexing circuit as claimed in claims 2 or 3, wherein said phase generating device comprises
(M + 1) optical couplers (201...204, 301...304) and M optical delay lines (205, 206, 207, 305, 306, 307) interposed
between said optical couplers (201...204, 301...304), where M is an integer equal to or greater than two,

wherein respective coupling ratios of the optical couplers, respective optical path length differences of the optical
delay lines, and the minute optical path length difference oL are appropriately set such that the optical frequency-
dependent phase @ is equal to the target optical frequency-dependent phase .

The optical multi/demultiplexing circuit as claimed in any one of claims 1 to 5, wherein said optical multi/demultiplexing
circuit consists of an optical interferometer, and wherein

said optical interferometer comprises (N + 1) optical multi/demultiplexing devices (111, 112, 113, 114, 115), and N
optical delay line devices (107) interposed between adjacent two of said optical multi/demultiplexing devices (111,
112, 113, 114, 115), where N is an integer equal to or greater than one.

The optical multi/demultiplexing circuit as claimed in claim 6, wherein said optical multi/demultiplexing circuit consists
of a Mach-Zehnder interferometer including two of said optical multi/demultiplexing devices (111, 112, 113, 114,
115), said optical delay line device (107) interposed between said two optical multi/demultiplexing devices (111,
112, 113, 114, 115), at least one input waveguide connected to one of said optical multi/demultiplexing devices
(111, 112, 113, 114, 115), and a plurality of output waveguides connected to the other of said optical multi/demul-
tiplexing devices (111, 112, 113, 114, 115), and wherein

said two optical multi/demultiplexing devices (111, 112, 113, 114, 115) are disposed in left-right symmetry with
respect to a middle line of said Mach-Zehnder interferometer;

said two optical multi/demultiplexing devices (111, 112, 113, 114, 115) are a phase generating optical coupler, which
functions as a phase generating device; and

said phase generating optical coupler includes four optical couplers (201...204, 301...304), and three optical delay
lines (205, 206, 207, 305, 306, 307) each interposed between adjacent two of said optical couplers (201...204, 301...
304).

The optical multi/demultiplexing circuit as claimed in claim 6, wherein said optical multi/demultiplexing circuit consists
of a Mach-Zehnder interferometer including two of said optical multi/demultiplexing devices (111, 112, 113, 114,
115), said optical delay line device (107) interposed between said two optical multi/demultiplexing devices (111,
112, 113, 114, 115), at least one input waveguide connected to one of said optical multi/demultiplexing devices
(111, 112, 113, 114, 115), and a plurality of output waveguides connected to the other of said optical multi/demul-
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tiplexing devices (111, 112, 113, 114, 115), and wherein

one of said two optical multi/demultiplexing devices (111, 112, 113, 114, 115) is a phase generating optical coupler,
which functions as a phase generating device; and

said phase generating optical coupler includes (M + 1) optical couplers (201...204, 301...304), and M optical delay
lines (205, 206, 207, 305, 306, 307) each interposed between adjacent two of said optical couplers (201...204, 301...
304), where M is an integer equal to or greater than two.

The optical multi/demultiplexing circuit as claimed in claim 6, wherein said optical multi/demultiplexing circuit consists
of a lattice-form filter including first to third, three, optical multi’/demultiplexing devices (111, 112, 113, 114, 115),
two optical delay line devices (107) each interposed between adjacent two of said three optical multi/demultiplexing
devices (111, 112, 113, 114, 115), at least one input waveguide connected to said first optical multi/demultiplexing
device (111, 112, 113, 114, 115), and at least one output waveguide connected to said third optical multi/demulti-
plexing device (111, 112, 113, 114, 115), and wherein

said first and third optical multi/demultiplexing devices (111, 112, 113, 114, 115) are a phase generating optical
coupler, which functions as a phase generating device; and

said phase generating optical coupler includes (M + 1) optical couplers (201...204, 301...304), and M optical delay
lines (205, 206, 207, 305, 306, 307) each interposed between adjacent two of said optical couplers (201...204, 301...
304), where M is an integer equal to or greater than two.

The optical multi/demultiplexing circuit as claimed in any one of claims 4 to 9, further comprising:

an array waveguide,

a first slab waveguide connected to one end of the array waveguide,

an input waveguide connected to the first slab waveguide,

a second slab waveguide connected to other end of the array waveguide, and

an output waveguide connected to the second slab waveguide,

wherein said output sections of the optical multi/demultiplexing circuit are optically connected to the input
waveguide.

The optical multi/demultiplexing circuit as claimed in any one of claims 4 to 9, further comprising:

an array waveguide,

a first slab waveguide connected to one end of the array waveguide,

an input waveguide connected to the first slab waveguide,

a second slab waveguide connected to other end of the array waveguide, and

an output waveguide connected to the second slab waveguide,

wherein said input sections of the optical multi/demultiplexing circuit are optically connected to the output
waveguide.

The optical multi/demultiplexing circuit as claimed in claims 10 or 11, wherein said optical multi/demultiplexing circuit
comprises two of said optical multi/demultiplexing devices (111, 112, 113, 114, 115), and said optical delay line
device (107) comprises two optical delay lines (205, 206, 207, 305, 306, 307) disposed between said optical multi/
demultiplexing devices (111, 112, 113, 114, 115), and wherein

one of said two optical multi/demultiplexing devices (111, 112, 113, 114, 115) is connected to at least one of said
input waveguides, and the other of said two optical multi/demultiplexing devices (111, 112, 113, 114, 115) is con-
nected to the first slab waveguide of said arrayed waveguide grating.

An optical multi/demultiplexing circuit comprising a first optical multi/demultiplexing circuit as defined in any one of
claims 1 to 12, and at least one second optical multi/demultiplexing circuit as defined in any one of claims 1 to 12,
said second optical multi/demultiplexing circuit being connected to at least one of outputs of said first optical multi/
demultiplexing circuit.

The optical multi/demultiplexing circuit as claimed in any one of claims 4 to 13, wherein said optical delay line device
or said optical delay line include a path length difference adjusting device, or undergoes path length adjustment.

The optical multi/demultiplexing circuit as claimed in any one of claims 4 to 14, wherein said optical delay line device
or said optical delay line include a birefringent adjustment device, or undergoes birefringent adjustment.
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The optical multi/demultiplexing circuit as claimed in claim 1 to 15, wherein said optical multi/demultiplexing circuit
is composed of silica-based glass optical waveguides.

An optical multi/demultiplexing circuit module comprising an optical multi/demultiplexing circuit as defined in any
one of claims 1 to 16 installed in a casing, and having optical fibers held by said casing carry out input and output
of an optical signal to and from said optical multi/demultiplexing circuit.

A method for designing an optical multi/demultiplexing circuit that is arranged to multi/demultiplex a plurality of optical
signals in a whole passband, the whole passband being configured with a plurality of passbands, the optical multi/
demultiplexing circuit comprising at least two optical multi/demultiplexing devices, wherein a first one includes at
least one input section and at least two output sections and a second one includes at least two input sections and
a plurality of output sections; and at least one optical delay line device interposed between said optical multi/
demultiplexing devices;

characterized in that

at least one of said optical multi/demultiplexing devices includes a generating device, and said phase generating
device generates an optical frequency-dependent phase defined as a phase difference between two optical signals
output from two of said plurality of output sections of the optical multiidemultiplexing device, the method comprises:

determining a target optical frequency-dependent phase ¥(f), where the target phase ¥(f) is a phase required
to set an optical frequency period between said passbands and a center frequency of said whole passband at
desired values independently; and

configuring the phase generating device such that a resulting optical frequency-dependent phase ® generated
from one or more phase generating device provides a quadric or higher order polynomial optical frequency
dependency or an optical frequency dependency according to a Gaussian function and is equal to the target
optical frequency-dependent phase ¥(f).

The method of claim 18, wherein the step of determining a target optical frequency-dependent phase ¥(f) comprises:

determining the target optical frequency-dependent phase ¥(f) such that a transmission characteristic of the
optical multi/demultiplexing circuit in the whole passband is given by an equation as follows:

X(f)=§:xq exp{—j [EL—’f—‘P(f)]}
g=0

c

where N represents the order of the optical multi/demultiplexing circuit, Xq represents the expansion coefficients, n
represents a frequency-dependent refractive index, ¢ represents the speed of the light, f represents an optical
frequency, ¥(f) represents a target optical frequency-dependent phase which is required to set the optical frequency
period between the centers of the adjacent passbands on the optical frequency-domain grid, and AL'(=AL+4L)
represents the path length difference of the optical delay line device, where AL is a fixed value and L is a minute
optical path length difference, which is a variable changed according to the design of the phase generating device.

The method of any one of claims 18 or 19 wherein said phase generating device comprises (M + 1) optical couplers
and M optical delay lines interposed between said optical couplers, where M is an integer equal to or greater than
two, and the configuring the phase generating device comprises:

appropriately setting respective coupling ratios of the optical couplers and respective optical path length differ-
ences of the optical delay lines.

The method of claim 18, wherein the step of determining a target optical frequency-dependent phase ¥(f) comprises:
fabricating an optical multi/demultiplexing circuit and measuring the transmission characteristic over the whole
passband; and

determining the target optical frequency-dependent phase ¥(f), based on deviations of each passband centers
from desired positions on the optical frequency-domain grid.
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